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i, l index 
n n-region 
p p-region 
S sense resistor or substrate 




Recently, remarkable advances have been made in understanding micro/nanoscale 
thermal energy transport, opening new opportunities in manufacturing, sensing, and 
energy conversion at extremely small scales. Among these applications, this dissertation 
focuses on the characterization of a heated microcantilever for its use as a sensitive 
thermal metrology tool, and near-field thermophotovoltaic (TPV) energy conversion.  
The first part of the dissertation seeks to understand electrical and thermal 
behaviors of heated microcantilevers when they are off the substrate and in contact with 
the substrate. Frequency-dependent electrical and thermal behaviors of heated cantilevers 
were empirically investigated from 10 Hz to 1 MHz, providing the optimum operation 
condition under periodic heating. The cantilevers were also characterized at low 
temperatures and in vacuum, showing the feasibility of the heated cantilever in cryogenic 
environments. This work further investigates the operation of heated cantilevers in an 
atomic force microscope (AFM) platform. Thermally-sensed topography in tapping mode 
was first demonstrated with a heated cantilever. As in conventional AFM, tapping mode 
operation allows precise topographic imaging of soft samples while suppressing imaging 
artifacts, providing at least two orders of magnitude higher sensitivity than piezoresistive 
topography. In order to better understand the thermal interaction between the heated 
cantilever and substrate, surface temperature was measured with a nanofabricated 
resistive thermometer while the heated cantilever scanned the substrate. The experiment 
reveals that air conduction is a dominant heat transfer mechanism with the thermal 
conductance in the order of 1 µW/K, which is two orders of magnitude larger than the 
estimated tip-substrate contact thermal conductance of around 40 nW/K.  
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A strong need to develop a new type of sustainable energy conversion system has 
motivated the second part of this dissertation. To this end, the effect of surface and bulk 
polariton excitations on the radiative properties of a multilayered structure was studied, 
suggesting that polariton excitation can be used to effectively manipulate radiative 
properties. The energy conversion efficiency and power throughput of a near-field TPV 
system was then rigorously predicted using the fluctuation-dissipation theorem and the 
dyadic Green’s function of a multilayered structure. This study was the first that clarified 
the near-field effect on the quantum efficiency of a near-field TPV system. With the 
obtained results, a better design of near-field TPV systems is envisaged.  
 
 1
CHAPTER 1  
INTRODUCTION 
One trillion dollars per year – this is the worldwide market size of the 
nanotechnology-based industry in the next 10 to 15 years, projected by the US National 
Science Foundation  [1]. Besides the industry and economy, positive impacts of 
nanotechnology will span to nearly every aspect of human life, for example, from 
healthcare to energy issues. The key to this bright future is the advances of fundamental 
research on the nanoscale science and engineering, and with no doubt nanoscale thermal 
science and engineering is one of these fundamental studies.  
Originally motivated by the continuous shrinkage of microelectronic devices 
down to nanometer scale and following demands for effective thermal management [2], 
mesoscopic (from nanoscale to microscale) thermal science and engineering has been 
intensively studied in four directions. The first direction has been focused on theoretical 
understanding of thermal transport mechanisms from the microscopic point of view [3-6]. 
The second research direction has come along with rapid progress in the synthesis and 
processing of nanostructured materials, such as nanotubes, nanowires, and 
nanocomposites: thermal characterization of novel nanomaterials [4,7] and their 
applications for thermal management [4,8] and for thermoelectricity improvement [9,10] 
have been vivid research topics. Thirdly, enormous efforts have been made to develop the 
thermal metrology that has a submicron spatial resolution [11-14]. The fourth research 
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area is the use of the mesoscopic thermal transport for developing new nanoscale 
applications, such as nanoscale manufacturing [15-17] and energy conversion [18-21].  
  This dissertation aims at applying the micro/nanoscale thermal transport to 
expand nanoscale thermal metrology and energy conversion fields. To this end, the 
present work thermally and electrically characterizes heated microcantilevers in various 
conditions and environments, seeking the feasibility to use them as an accurate thermal 
metrology tool. Regarding the energy conversion, near-field radiation is theoretically 
investigated and applied to the near-field thermophotovoltaic (TPV) system. The 
following sections thus review the heated microcantilevers from the application 
perspectives and the historical background of near-field radiation research along with the 
development of TPV systems.  
1.1 Heated Microcantilevers   
1.1.1 Atomic force microscopy  
Among scanning probe microscopy (SPM) families, atomic force microscopy 
(AFM) [22] has become perhaps the most widely used tool for sensing and/or modifying 
surface features with atomic-scale resolution [23]. In most common AFM configurations, 
the features of a surface are imaged by controlling a vertical piezoelectric stage under the 
substrate to keep the deflection of the cantilever (i.e., contact mode) or to keep the 
cantilever oscillation amplitude (i.e., tapping mode) [24,25] in a closed feedback control 
loop. To measure cantilever deflections, a laser is reflected off the end of the cantilever to 
a position-sensitive photodetector (PSD) [26,27]. Cantilever deflections can also be 
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detected with various sensing mechanisms such as piezoresistive sensing [28,29],  
capacitive sensing [30], and thermal sensing [31,32].  
In addition to remarkable advances in surface morphology, the advent of AFM 
has also led to the growth of a wider field of cantilever-based sensing. In fact, 
microfabricated cantilevers have been employed for measuring and identifying various 
cantilever-substrate interaction forces [24,33], acceleration sensing [34], femtojoule 
calorimetry [35], thermogravimetry [36], vapor- and liquid-phase chemical sensing [37], 
biomolecular recognition [37,38], and many others. With the introduction of 
nanoelectromechanical system (NEMS), measurement sensitivities of cantilever-based 
sensors have been unprecedentedly improved, enabling zeptogram-scale mass sensing 
[39,40], attonewton-scale force sensing [41,42], and sub-femtometer displacement 
sensing [43]. Moreover, special functionalities have been incorporated into 
micro/nanocantilevers to further expand the cantilever-based applications. Well known 
examples are cantilevers having a piezoresistive strain gauge [28,40,42], cantilevers 
having a piezoelectric actuator [44], and cantilevers having a resistive heater [45].  
1.1.2 Applications of heated microcantilevers 
Silicon microcantilevers having integrated solid-state resistive heaters at the free 
end were originally developed for thermomechanical data storage [15,31,32,46,47], in 
which the cantilever is heated to make thermomechanical formation and thermal 
detection of small indentations in a thin polymer film. The first demonstrations of 
thermomechanical data storage were performed either by depositing thermal energy into 
the cantilever with an external heating laser [48] or by integrating a resistive heater into 
the cantilever leg [49]. Cantilevers having integrated heaters at the free end were 
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fabricated, offering heating time in the 1 µs range [45]. Moreover, parallel 
write/read/erase operations were made with a functional array having more than 1,000 
individually-addressable heated cantilevers [15,47]. Recent research successfully 
fabricated an array of 64 64×  (4,096) cantilevers on a 100 µm pitch, enabling extremely 
high data density greater than 1 2Tb/in  [50], much higher than the superparamagnetic 
limit of current magnetic data storage technology near 100-200 2Gb/in  [51].  
While research on heated cantilevers has yielded much progress towards a data 
storage system, heated microcantilevers have also been used for other applications. A 
novel method was reported on selectively synthesizing carbon nanotubes (CNTs) directly 
onto a heated microcantilever at room temperature [52]. A typical CNT synthesis method 
is a thermal chemical vapor deposition which requires slow heating and cooling cycles of 
the entire synthesis furnace. Since this process requires high temperature to 900 °C and 
processing time longer than 100 min, a direct CNT synthesis on microelectromechanical 
system (MEMS) devices may not be possible, as they will be thermally damaged during 
the process. However, by heating the cantilever coated with a catalyst, CNTs could be 
selectively synthesized only where the local temperature is sufficiently high. After CNTs 
synthesis, mass of grown CNTs was measured by monitoring the change of the 
fundamental resonance frequency of the cantilever. The removal of the grown CNTs is 
also straightforward: by heating the cantilever to about 500 °C, CNTs grown on the 
cantilever can be removed due to the oxidization.  
Heated microcantilevers can also be used for nanolithography. Particularly, a new 
lithography technique called thermal dip-pen nanolithography (tDPN) was proposed to 
further improve dip-pen nanolithography (DPN) [53,54]. DPN is a nanopatterning 
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technique in which a chemically coated AFM cantilever tip delivers chemical molecules 
from the tip to a substrate through a water meniscus, depositing features as small as 10 
nm [55]. Despite the nanopatterning capability, the DPN technique has a couple of 
challenges to be resolved. The first challenge is that the chemical transfer cannot be 
controlled during the process: chemicals transfer from the tip to the substrate, or even 
from the substrate to the tip, whenever the tip touches the substrate [56,57]. This 
phenomenon also gives rise to contamination problems when more than one chemical are 
to be deposited with the same tip. Thermal DPN overcomes these limitations by 
performing DPN with a heated cantilever. In tDPN, a material coated on the cantilever tip 
is delivered to the substrate only when the cantilever tip is heated above the melting 
temperature. Material deposition is thus controllable and vacuum compatible because 
tDPN does not require a water meniscus. Whilst tDPN is a positive lithography, a recent 
research showed that a negative lithography is also possible with the heated cantilever 
[58]. In the experiment, they demonstrated that an energetic material (i.e., pentaerythritol 
tetranitrate, or PETN) was completely decomposed to make a cross mark without a pileup 
or residue when the heated cantilever scanned over the material with the heater 
temperature above a decomposition threshold temperature.  
Besides nanomaterial synthesis and lithography, heated cantilevers have shown to 
be applicable as physical and chemical sensors. Local thermal analyses using Wollaston-
wire probes have provided material properties associated with phase transitions, such as 
glass-transition temperature, recrystallization, and melting temperatures of polymer 
substrates [59-61]; the oxidative stabilization depth [62]; and the phase change enthalpy 
of nanogram (ng) material [63,64]. Recently, nanoscale thermal analysis has been 
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proposed using the heated microcantilever, in which the glass transition temperature of 
polystyrene was measured by monitoring a tip penetration depth into the substrate [65]. A 
decomposition threshold temperature of PETN was also similarly measured with a 
nanometer spatial resolution [58]. Berger et al. [36] used heated cantilevers as 
thermogravimetry, in which 420 ng of copper-sulfate-pentahydrate (CuSO4 ⋅ 5H2O) is put 
on a heated cantilever and its mechanical resonance frequency was monitored while 
increasing heating to detect discrete dehydration steps. The measurement of thermal force 
with heated cantilevers [66] revealed that not only the magnitude but direction of the 
observed force depend on the temperatures of substrate and cantilever. Another 
cantilever-related research showed that heated cantilevers can detect the heat released by 
deflagration of explosive gas by monitoring its bending response during a heating pulse 
[67,68]: deflagration was detected at large heating pulses only after exposure to 
trinitrotoluene (TNT).  
1.2 Near-Field Radiation  
1.2.1 Near-field radiation  
It is well known that the radiative energy is transferred by electromagnetic wave 
propagation. Electromagnetic waves near the surface consist of propagating waves and 
evanescent waves. The evanescent waves are localized waves that exponentially decay 
away from the surface within a distance comparable to its wavelength [69]. Thus, only 
propagating waves are responsible for the radiative energy transport when two bodies are 
separated far enough. In this case, the amount of radiative heat transfer can be calculated 
from the Stefan-Boltzmann law. However, when the distance between the two bodies 
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becomes comparable to or smaller than the dominant radiation wavelength, radiative 
energy transport is tremendously enhanced due to near-field effects such as photon 
tunneling and surface polaritons [5].  
It was in the mid-1960’s when near-field effects on the thermal radiation attracted 
scientists and engineers working on cryogenics. While making cryogenic thermal 
insulation, they found that the Stefan-Boltzmann law could not accurately predict thermal 
radiation within the small spacing between adjacent insulation layers [70]. Since then, 
many theoretical [71-73].  and experimental [74-76] studies have focused on near-field 
spacing effects on the thermal radiation between parallel metallic plates at cryogenic 
temperatures. For theoretical prediction of net radiative heat transfer between two parallel 
metallic plates, the complicated formalism have been established by using the 
electromagnetic fluctuation-dissipation theorem and dyadic Green’s function, along with 
Drude model-based optical properties [71-73]. The electromagnetic fluctuation-
dissipation theorem states that thermal emission from a solid surface is due to the 
fluctuating electromagnetic field produced by the random thermal motion of charged 
particles in the solid [77]. The implementation of the fluctuation-dissipation theorem has 
allowed the direct calculation of the near-field thermal radiation while the dyadic Green’s 
function is responsible for the system geometry.  
Recently, the near-field radiation in various materials and structures has been 
studied. Mulet et al. [78] investigated the near-field radiation between two semi-infinite 
polar materials that support surface waves, such as SiC or glass, demonstrating that 
surface waves can enhance the thermal radiation by several orders of magnitude. They 
also studied the radiative heat transfer between a small particle and a plane surface and 
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showed that the near-field radiation rate increases with 31/ d  for the particle-plane 
surface case whilst 21/ d  for the plane surface-plane surface case, where d  is the 
distance [79]. Radiative heat transfer between two spheres was also examined with 
considering the retardation effect [80]. Fu and Zhang [81] investigated the near-field 
radiation between semi-infinite doped silicon plates and showed that the radiative heat 
flux can be more than ten times larger than the heat flux through air conduction even at 
atmospheric pressure.  
As clarified by Mulet et al. [78], surface waves are an important factor that 
enhances the near-field thermal radiation. Surface waves, or surface polaritons, are 
localized electromagnetic fields that propagate along the interface and decay 
exponentially into both media due to charge density oscillation [82]. Surface waves can 
be surface plasmon polaritons or surface phonon polaritons depending on the charges 
being electrons or ion cores. For radiative energy transport, surface waves greatly 
enhance local density of emitted electromagnetic modes near the surface, resulting in 
significant change of the near-field thermal emission spectrum [83,84]. As a 
consequence, when surface waves are excited, the near-field spectral energy density can 
be several orders of magnitude greater than when there are no surface waves. If another 
material is placed very close to the surface, this large energy density is responsible for 
large radiative energy transport due to the tunneling effect.  
Huge enhancement of thermal radiation in a small gap has drawn practical 
interests. One exemplary application is high-resolution non-contacting near-field thermal 
microscopy [85,86]. Another example is the near-field thermophotovoltaic (TPV) energy 
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conversion. More detailed discussion of near-field TPV energy conversion will be 
discussed at Chapter 7, and a general TPV system will be briefly reviewed here. 
1.2.2 Thermophotovoltaic energy conversion  
Thermophotovoltaic (TPV) devices are energy conversion systems that generate 
electric power directly from thermal radiation. Since the waste heat of other processes 
can be used as a thermal emission source, TPV systems have been considered as one of 
the promising methods for recycling waste heat and increasing the overall energy 
conversion efficiency. Increasing global concerns for reducing energy losses and 
preserving the environment have indeed developed a growing interest in TPV systems. 
The key components of a TPV device are a thermal emitter and TPV cell. The TPV cell is 
a p-n junction semiconductor that can convert the radiative photon energy to electric 
power, which can be realized with the photogeneration of electron-hole pairs. Since the 
TPV device does not have any moving parts, it guarantees silent operation. Moreover, 
recent research demonstrated that the power density more than 10 kW/m3, 10 to 1,000 
times higher than that of commercial batteries, can be achieved by a TPV system [87]. 
These advantages have made TPV systems very promising for space, military, and 
microelectronics applications. However, low power throughput and poor conversion 
efficiency have still remained as technical challenges to be overcome for the further 
development of TPV systems [21].  
To resolve these technical challenges, many suggestions that would improve the 
performance of each component of the TPV system have been made. Chubb and Wolford 
[88] predicted that a dual layer emitter, a selective emitter consisting of two layers 
separated by a vacuum, can increase the emitter efficiency by nearly factor of 2 by 
 
 10
suppressing long wavelength emittance. Narayanaswamy and Chen [89] demonstrated 
one-dimensional (1-D) metallodielectric photonic crystals as a good wavelength-selective 
thermal emitter, whose emission spectrum can be easily tailored with the dielectric 
thickness. A 1-D Si/SiO2 photonic crystal was shown to be applicable for a wavelength-
selective TPV filters from 1 to 4 µm [90]. The analysis of a TPV system with stacked 
TPV cells revealed that the multilayered TPV cells can substantially increase the 
electrical power output [91].  
1.3 Overview of the Dissertation 
The main objective of this dissertation is two-fold: to thermally characterize the 
heated microcantilever with and without the presence of the substrate, through which the 
heated cantilever can be used in unexplored cantilever-based sensing area, and to 
investigate the near-fled thermal radiation in multilayered structures, through which the 
performance and efficiency of the near-field thermophotovoltaic energy conversion 
system can be investigated.  
Following this introductory chapter, Chapter 2 describes the frequency-dependent 
electrical and thermal response of the heated microcantilever in the frequency range from 
10 Hz to 1 MHz. Chapter 3 examines thermal and electrical behaviors of the heated 
cantilever under steady- and periodic-heating operations when it resides at cryogenic 
temperatures and in vacuum, seeking the feasibility of the heated cantilever in cryogenic 
applications as a small heating source and a thermal metrology tool. In Chapter 4, the 
focus moves on to the application of the heated cantilever as a topographic imaging tool. 
Particularly, Chapter 4 demonstrates the possibility of the thermally-sensed topography in 
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tapping mode. While Chapters 2 and 3 focus only on the cantilever far off the substrate, 
topographical imaging described in Chapter 4 strongly requires the thorough 
understanding of the thermal interaction between the heated cantilever and substrate. 
Thus, in Chapter 5 the experimental investigation of the heat transfer from the heated 
cantilever to the substrate using a submicron-scale resistive thermometer is described.  
Chapters 6 and 7 deal with the radiative energy transport in multilayered 
structures. Chapter 6 describes the effects of the surface and bulk polaritons on the 
radiative properties in a three-layered structure. To this end, a negative index 
metamaterial is employed in the structure. Based on the results obtained in Chapter 6, 
Chapter 7 elucidates the energy transfer and energy conversion processes in near-field 
TPV systems. Particularly, the near-field effects on the local radiation absorption and 
photocurrent generation in the TPV cell are considered using the fluctuation-dissipation 
theorem together with a multilayer dyadic Green’s function. Finally, the summary and 
conclusions of Chapter 8 describe possible future research and technology made possible 
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CHAPTER 2  
FREQUENCY-DEPENDENT ELECTRICAL AND THERMAL 
RESPONSES OF A HEATED MICROCANTILEVER 
This chapter describes the electrical and thermal response of the heated 
microcantilevers in the frequency range from 10 Hz to 1 MHz. Spectrum analysis of the 
cantilever voltage response to periodic heating distinguishes different thermal behaviors 
of the cantilever in the frequency domain: the cantilever voltage at low frequencies is 
modulated by higher order harmonics, and at high frequencies, it oscillates with 1ω  only. 
A simple model facilitates the understanding of complicated electrical and thermal 
behaviors in the cantilever, thus it is possible to determine the cantilever temperature. 
The calculation predicts that temperature oscillation is restricted to the heater region 
when the cantilever is operated at about 10 kHz, suggesting that the periodic-heating 
operation of the cantilever may be employed for highly sensitive thermal metrology.  
2.1 Introduction 
The atomic force microscope (AFM) has become an important tool for probing 
physical, chemical, and electromagnetic phenomena in domains of size from 1 nm to 100 
µm. Silicon AFM cantilevers having resistive heaters integrated near the cantilever tip 
were originally developed for thermomechanical data storage but have also been shown 
to be useful for nanoscale manufacturing and metrology, as already reviewed in Chapter 
1. To date, heated cantilevers have been characterized and operated either at steady-state 
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or with short electrical pulses, as would be appropriate for interfacing with digital control 
electronics. However, operating heated cantilevers with oscillatory heating could enable 
new measurement techniques and applications. To this end, this work analyzes the 
frequency-dependent electrical and thermal behavior of heated AFM cantilevers for 
driving frequency in the range of 10 Hz to 1 MHz.  
Periodic-heating operation of the cantilever could facilitate the development of 
scientific measurements that would not be feasible with the steady-state cantilever 
operation, because various noise sources including 1/f noise and electronic noise in the 
cantilever can be reduced [1]. Frequency-modulated measurements have been studied in 
various AFM cantilever-based metrologies to enhance measurement sensitivity; for 
example: thermogravimetry [2], noncontact surface imaging [3], scanning thermal 
microscopy [4], scanning near-field thermal microscopy [5], and scanning near-field 
ultrasound holography [6]. While one previously published report [7] investigated 
frequency response of a heated microcantilever, it used a simple resistor-capacitor 
network to find the thermal time constant of the cantilever and did not investigate 
oscillatory temperature or periodic heat flow in the cantilever. There remains lack of 
understanding of the heated microcantilever behavior during periodic-heating operation, 
which prevents a number of possible uses of the heated cantilever for nano/microscale 
measurement.  
Highly accurate measurements of the cantilever thermal responses under periodic 
excitation are complicated by several coupled physical phenomena. First, the 
temperature-dependent cantilever resistance is nonlinear, which significantly affects the 
way the cantilever resistance oscillates with the periodic heater temperature. This 
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nonlinearity has been a main issue in previous work on steady-state cantilever heating [8-
10]. The thermal diffusion length of the cantilever also complicates the analysis of the 
cantilever frequency response, as the diffusion length depends on excitation frequency. 
At high frequencies, the diffusion length may be shorter than the cantilever length, giving 
rise to temperature oscillations restricted to only part of the cantilever. Finally, the 
intrinsic electrical impedance of the cantilever is also frequency-dependent, and can 
compete with the actual cantilever sensor signal. A thorough analysis should account for 
all of these coupled effects. 
This work investigates the electrical and thermal responses of heated 
microcantilevers under the periodic heating in the range of 10 Hz to 1 MHz. Steady-state 
thermal characterization is first described, followed by the discussion of thermal 
characterization under periodic heating. Spectrum analysis of the heated cantilever 
voltage illustrates four different operating regions that are distinguished by the number of 
harmonic signals generated. The electrical resistance oscillation and the reactance of the 
cantilever are extracted from measured data. A simple model simulates the thermal 
response of the heated cantilever to predict the cantilever temperature oscillation, which 
cannot be directly obtained through experiment.  
2.2 Experiment 
The experiment used heated microcantilevers made from a silicon-on-insulator 
(SOI) wafer [11,12]. Figure 2.1(a) shows the scanning electron microscope (SEM) image 
of the cantilever used in the experiment. The cantilever is u-shaped, having the heater 








Figure 2.1 The image of a heated AFM cantilever. (a) A SEM micrograph of a cantilever chip and (b) a 
drawing of the cantilever part.  
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height of around 500 nm and tip radius of 20 to 50 nm. The cantilever thickness is 
designed to be around 1 µm, but may slightly change depending on the etching condition. 
As shown in Fig. 2.1(b), the cantilever consists of three regions: heater, leg, and thermal 
constriction. The heater region is highly resistive region of 8 µm ×  16 µm that is realized 
with light phosphorus doping of around 1710  cm-3. The leg region, whose length and 
width are respectively 135 µm and 15 µm, is heavily phosphorus-doped to around 2010  
cm-3 for electrical leads. The thermal constriction, which has 5 µm in width and 15 µm in 
length, improves the cantilever heating and cooling efficiency [7]. The electrical 
resistance of cantilevers is typically 1 to 3 kΩ, with around 90 % of the resistance being 
from the heater region. When the electrical current flows through the cantilever, the 
heater region predominantly dissipates the electrical power, resulting in temperature rise 
over 1,000 K [12]. The anchor that connects the base silicon and the cantilever creates the 
buffer zone that mitigates any inconsistency of the backside etching process and allows 
for improved laser access when mounted on a commercial AFM system. 
In steady-state operation, or DC mode operation, the thermal behavior of a heated 
AFM cantilever can be characterized by measuring its temperature-dependent electrical 
resistance. The cantilever is usually operated in a simple bridge structure, in series with a 
second bridge resistor (i.e., a sense resistor), to protect the cantilever from high input 
voltage and enhance the resolution of the cantilever power increment. A 10 kΩ carbon 
film resistor was used as the sense resistor in the present study. By measuring the current 
and the voltage drop across the sense resistor while varying the total input voltage, the 
cantilever resistance can be obtained. As illustrated in Fig. 2.2(a), the characterization of 
the cantilever in periodic heating operation, or AC mode operation, follows a similar 
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procedure as DC mode, but more instruments are required to capture the complex 
cantilever response. A periodic voltage source drives the circuit consisting of the 
cantilever and the sense resistor. An amplifier increases the dynamic range of the input 
voltage. Total input voltage AV  and voltage drop across the sense resistor BV  were 
measured with a digital oscilloscope to obtain the cantilever voltage, ( ) .C A BV t V V= −  A 
spectrum analyzer measured the magnitude and the phase of the cantilever voltage signal. 
The current ( )I t  was obtained from BV  and the sense resistance.  
The sense resistor value changes with frequency due to the parasitic inductance 
and device capacitance [13], and thus the impedance effect of the sense resistor was 
considered for accurate evaluation of the current. Figure 2.2(b) shows the impedance of 
the sense resistor measured with a Solartron SI 1260 impedance/gain-phase analyzer. The 
impedance effect of the sense resistor can be ignored up to 100 kHz. Above 100 kHz, 
however, the decreasing sense resistance will significantly affect the cantilever operation, 
which will be discussed later. The equivalent circuit in the inset of Fig. 2(b) accounts for 
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The sense capacitance and inductance was estimated to be 3.09 pF and 47.3 µH. The 
modeled impedance describes the measurement within 0.2 % standard error up to 5 MHz. 
The current is thus calculated by ( ) Re[ / ]B SI t V Z= , where Re  denotes the real part of a 





Figure 2.2 The experimental description for the AC characterization of the heated cantilever. (a) The 
schematic diagram describing the AC characterization experiment. DC characterization can also be 
performed with this setup if a DC power supply is used instead of the function generator. (b) The measured 
and modeled impedance of the sense resistor in the frequency domain that is used to determine the current 
out of the voltage drop across the sense resistor. 
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The steady temperature at the heater region was measured using a Raman 
spectroscope with a spatial resolution near 1 µm [12,14,15]. Raman spectroscopy is an 
optical technique that measures inelastic scattering of light from materials. Since the 
inelastic light scattering frequency changes with temperature, measuring the light 
scattering patterns will provide the local temperature of the material . However, Raman 
spectroscopy typically requires a long exposure time (i.e., 30 - 60 s), thus it cannot 
measure temperature oscillation. Since the hottest temperature at the heater region was of 
interest, only the center of the heater region was measured in the experiment and taken as 
the heater temperature. The Raman spectroscope was calibrated for phosphorus-doped 
silicon that closely resembled the cantilever material, yielding uncertainties of 2.1±  K for 
300 to 500 K, 3.7±  K for 500 to 800 K,  5.4±  K for 800 to 1000 K, and 7.6±  K for 1000 
to 1300 K [15].  
2.3 Electrical and Thermal Characterization 
2.3.1 Spectrum analysis 
The cantilever was first characterized in DC mode in order to establish a baseline 
response. Figure 2.3(a) shows the cantilever resistance as a function of the cantilever 
heater temperature. The cantilever resistance increases with temperature up to around 900 
K and then decreases, indicating that the temperature coefficient of resistance (TCR) is a 
function of temperature and becomes negative above 900 K. Figure 2.3(b) also shows the 
nonlinearity of the cantilever resistance with the total input voltage. The estimated 






Figure 2.3 DC response of a heated cantilever. (a) The cantilever resistance and the cantilever heater 
temperature measured with a Raman spectroscope. (b) The cantilever resistance and the cantilever power as 
a function of the total input voltage. In the inset, the current and cantilever voltage plotted against the total 
input voltage. The solid curves are numerical modeling results that are discussed in Section 2.4. 
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± 0.6 % and ± 0.7 %. The solid curves are numerical modeling results to be discussed 
later. As shown in the inset of Fig. 2.3(b), sharp increase of the cantilever resistance 
around the input voltage of 10 V is accompanied with sharp increase of the cantilever 
voltage and a plateau of the current. The negative cantilever TCR above 12 V reduces the 
cantilever resistance and increases the current as the input voltage further increases. More 
power is thus dissipated in the cantilever, leading to further decrease of the resistance. 
This feedback cycle causes the temperature of the heater region to rise suddenly: that is, 
“thermal runaway” occurs within the heater region [9,12].  
Under the AC operation, periodic heating of the cantilever is coupled with the 
periodic electrical signal, giving rise to the harmonic cantilever voltage. When periodic 
excitation voltage with the frequency ω is applied to a heated cantilever, the power 
dissipation will oscillate at frequency 2ω, causing fluctuations of temperature as well as 
electrical resistance at 2ω. Combined with the current oscillation at ω, this resistance 
oscillation modulates the cantilever voltage to yield the 3ω harmonic signal. Since this 
third harmonic is thermally generated, its magnitude depends on the AC temperature rise 
and cantilever thermophysical properties. The so-called “3ω method” [16] has been used 
to measure thermophysical properties such as the thermal conductivity and the specific 
heat in various materials and structures [17-19].  
The magnitude of the 3ω signal depends on the AC power input and the driving 
frequency, and may generate higher odd harmonics in combination with the even 
harmonics of the cantilever resistance. Figure 2.4(a) shows the frequency-dependence of 
the odd harmonics across the cantilever for the total input voltage 7 V-rms. The 1ω signal 
is plotted with 10 ,dBV-rms 20log ( ),rmsVω=  and higher harmonics are with 
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10 , ,dB 20log ( / )n rms rmsV Vω ω= , where 3,5,7,n =  denotes the higher odd harmonics. 
The y-axis label starts from 40−  dB, indicating that the smallest meaningful signal is 1 % 
of the 1ω signal. No harmonic signals change their magnitudes until the frequency 
increases above 100 Hz, suggesting that the cantilever maintains thermal equilibrium 
with its environment during the operation. As the frequency further increases, the 3ω and 
5ω signals decrease. Finally, there is a frequency region above about 30 kHz where only 
the 1ω signal is important. In this region, the cantilever heater temperature does not 
oscillate with time, because the power oscillates too fast for the cantilever to thermally 
respond. A total input voltage other than 7 V-rms would yield different harmonic curves 
although the trends in harmonic curves will be similar.  
With a fixed cantilever excitation frequency of 100 Hz, Fig. 2.4(b) shows 
measured harmonic signals as a function of total input voltage. The 3ω signal emerges at 
3 V-rms and drastically increases by 10 times from 40−  dB to 20−  dB as total input 
voltage increases from 3 V-rms to 6 V-rms. The 3ω signal then starts decreasing after 
around 8.5 V-rms. This nonlinear behavior of the 3ω signal is attributed to the 
nonlinearity of cantilever resistance, shown in Fig. 2.3(b). The nonlinear cantilever 
resistance is also responsible for the generation of the higher harmonics. Due to its 
nonlinearity, the cantilever resistance cannot be first-order approximated with the 
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Since T∆  oscillates with 2ω, the higher cantilever voltage harmonics are due to the 






Figure 2.4 Spectrum analysis results of the voltage drop across the cantilever (a) when the frequency 
sweeps at the fixed total input voltage 7 V-rms and (b) when the total input voltage sweeps at the fixed 
frequency 100 Hz. Note that the unit of 1ω signal is dBV-rms while those of higher harmonics are dB to the 
magnitude of 1ω signal. 
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each of which is associated to the 3ω and 5ω harmonic signals, are related with each 
other by a derivative with respect to temperature. When 0T  becomes the thermal runaway 
temperature, the 5ω signal experiences a sharp decrease because the 3ω signal has an  
extremum at that point, as shown in Fig. 2.4(b). The emerging 7ω and 9ω signals can be 
explained similarly. The 9ω signal is not included in the plot for clarity since it almost 
overlaps with the 7ω signal. Thermal runaway can be thus determined with a sharp 
decrease of the 5ω signal and the appearance of the higher harmonics.  
In order to accurately describe the thermal behavior of the cantilever, higher order 
harmonic signals should be considered depending on the input voltage and the frequency.  
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Figure 2.5 A regime map delineating the AC response of the cantilever. The boundaries of regimes are 
obtained from the spectral analysis when a cutoff ratio is set to -40 dB. In the low frequency region, higher 
harmonic terms become important as more power is dissipated on the cantilever. In high frequency region, 
on the other hand, only 1ω and 3ω signals are shown.  
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Figure 2.5 shows a frequency domain regime map, distinguishing four regions of 
different harmonic signals. The regime map was obtained by repeating the procedure that 
produced Fig. 2.4(b) for different frequencies and achieving boundaries at which 
emerging higher harmonics become larger than 40−  dB. For frequencies lower than 10 
kHz, increasing AC power input yields higher odd harmonic cantilever voltage signals. 
At frequencies higher than 10 kHz, only 1ω and 3ω signals exist, indicating that the 
cantilever temperature oscillation amplitude is small. The descending upper boundary of 
the 1ω region above 100 kHz is the combination of the cantilever characteristics and the 
impedance effect of the sense resistance. As shown in Fig. 2.2, the sense resistance starts 
decreasing at around 100 kHz, concentrating more power on the cantilever and, 
correspondingly, causing more temperature rise compared to the low frequency 
operation. 
The different regions of Fig. 2.5 can be better understood by examining the 
cantilever voltage and current traces for each region. Figure 2.6 shows the oscilloscope 
traces of the cantilever voltage and current at each region of the regime map when the 
frequency is 100 Hz. The voltage and current signals become increasingly modulated as 
the input voltage increases. In particular, both the voltage and current traces at 9 V-rms 
have secondary valleys and hills at poles, which are associated with higher harmonic 
signals at the thermal runaway. The I-V curves in Fig. 2.6(c) provide a clear view that the 
cantilever resistance, which appears linear when the input voltage is low, becomes 
nonlinear at higher input voltages. All I-V curves intersect with the origin, indicating that 










Figure 2.6 The cantilever voltage and current relationship at the low and high frequency regions. (a) 
Oscilloscope traces of the cantilever voltage and (b) the current for different total input voltages at 100 Hz. 
(c) The I-V curves that clearly illustrate the nonlinear relations between the cantilever voltage and the 
current at high input voltages. The insets in (a) and (c) shows oscilloscope traces of the cantilever voltage 
and the current at 1 MHz, indicating that the electrical impedance causes a considerable phase difference 
between the cantilever voltage and the current at the high frequency region. (d) The time-dependent 




show the cantilever voltage and current, respectively, when the cantilever is operated at 4 
V-rms and 1 MHz. The main difference from the low frequency region is the phase 
difference between the voltage and current, suggesting that the impedance plays an 
important role in the high frequency response. The cantilever resistance can be obtained 
from I-V relations, detailed discussions on which are in the following section. 
2.3.2 Cantilever resistance and reactance 
Since the cantilever resistance is directly related with the cantilever temperature, 
calculation of the cantilever resistance from the measured cantilever voltage and current 
will provide valuable information on the cantilever thermal behavior. However, the 
oscillating cantilever resistance during AC operation complicates the calculation and 




( ) cos( )C i i
i
V t V i t
=
= ω + φ∑  (2.3) 
where 2 fω = π is the angular frequency, and iV  and iφ are the magnitude and phase of the 
i-th harmonic, respectively. Similarly, the current is  
 
1,3,5
( ) cos( )i i
i
I t I i t
=
= ω + ψ∑  (2.4) 
where iI  and iψ are the magnitude and phase of the i-th harmonic. All of the magnitudes 
and phases of harmonic components are experimentally obtained from the spectrum 
analysis. Since the cantilever is an ohmic conductor in the low frequency region, the 
cantilever resistance ( )CR t  can be obtained by applying Ohm’s law, ( ) ( ) ( )C CV t I t R t= . 
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following the power oscillation that contains only even harmonic terms. Here, avgR  is 
the time-averaged resistance obtained from 
0
(1/ ) ( ) .
T
avgR T R t dt= ∫  The heating power is 
the product of the cantilever voltage and current, i.e., ( ) ( )CI t V t , and contains only even 
harmonic terms. In Eq. (2.5), avgR  is the time-averaged resistance, lR  the amplitude of 
the resistance oscillation corresponding to the l-th harmonic, and lϕ  the phase of the l-th 
harmonic. Substituting Eqs. (2.3), (2.4), and (2.5) into Ohm’s law and performing 
complex number analysis provide the cantilever resistance. As discussed in the previous 
section, cantilever voltage and current signals at frequencies higher than 30 kHz have 
only the 1ω harmonic with a phase difference. Thus, only the first terms of Eqs. (2.3) and 
(2.4) are taken into account, and the cantilever impedance can be simply calculated using 
the phasor analysis [20]. The cantilever voltage and current are expressed as 
j
CV V e ω
φ
ω=  and 
jI I e ωψω= , so that the impedance is calculated by 
 [ ]cos( ) sin( )C C C
VZ R jX j
I
ω
ω ω ω ω
ω
= + = φ − ψ + φ − ψ  (2.6) 
where CR  and CX  represent the resistance and reactance of the cantilever, respectively.  
Figure 2.6(d) shows the cantilever resistance at 100 Hz. When the input voltage is 
2 V-rms, the resistance is essentially constant because the small amount of heating causes 
little change in the cantilever heater temperature. When the input voltage becomes 5 V-
rms, however, the resistance oscillates with time. The oscillation amplitude of the 
cantilever resistance becomes larger as the input voltage increases. The resistance 
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oscillation at 9 V-rms shows small valleys on top of the resistance trace. From 
comparison with the DC resistance curve in Fig. 2.3(b), it is clear that the small valleys 
emerge due to the thermal runaway. The resemblance of the resistance trace with the DC 
thermal characterization also indicates that the resistance of the cantilever fully follows 
the oscillation of the electrical power at low frequencies. This is because the power 
oscillation frequency is slow enough for the cantilever to achieve a thermal equilibrium 
with the environment [7].  
As can be seen in Fig. 2.6(d), both the peak-to-peak amplitude of the cantilever resistance 
oscillation, ppR , and the time-averaged resistance, avgR , increase with the total input 
voltage. These two values will also change with the frequency. Figure 2.7(a) shows ppR  
for different frequencies as a function of the total input voltage. ppR  increases with the 
total input voltage. However, overall value of ppR  decreases with the frequency because 
thermal response time of the cantilever is not as fast as the power oscillation. Note that 
ppR  becomes constant once it reaches the maximum, because the cantilever reaches the 
peak resistance and experiences thermal runaway. Since ppR decreases with increasing 
frequency, avgR  asymptotically approaches the DC cantilever resistance, shown in Fig. 
2.7(b). However, for frequencies higher than 30 kHz, the cantilever resistance drastically 
deviates from the DC response, as the cantilever impedance begins to compete with the 
temperature-dependent cantilever resistance. Figure 2.7(c) shows that the cantilever 
reactance increases with both frequency and input voltage. Note that both the resistance 
and reactance at 300 kHz suddenly drop when the input voltage becomes 7 V-rms. When 






Figure 2.7 The cantilever resistance and reactance for various total input voltages and different frequencies. 
(a) The peak-to-peak oscillation amplitudes of the cantilever resistance decreases as the frequency 
increases. (b) The time-averaged cantilever resistance approaches the DC response as the frequency 
increases, but the impedance effect increases the resistance far from the DC response. (c) The cantilever 
reactance clearly shows the effect of the impedance in the high frequency region.  
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point crosses the boundary of the 1ω region. This sudden decrease of the cantilever 
resistance and reactance is likely the combined response of the thermal runaway and the 
electronic impedance of the sense resistor. Therefore, for frequencies higher than 30 kHz, 
the thermal behavior of the cantilever significantly deviates from the DC response, 
requiring detailed numerical modeling to interpret experimental results. 
2.4 Numerical Modeling 
Numerical [9,10] and analytical [21] models have predicted the thermal and 
electrical characteristics of the cantilever during heating. These studies provided physical 
insights of the heat transfer mechanisms and helped clarify various design parameters and 
their effects on the cantilever performance. However, little attention was paid to the 
transient response of the cantilever to periodic excitation.  
 Provided that the thermal resistances across the cantilever thickness and width 
are very small compared to that along or from the cantilever, the cantilever can be 
modeled with one-dimensional heat conduction equation [10]: 
 1 ( )C CC C a C
C
T Tc k A g h P T T
t A x x ∞
∂ ∂∂ ⎛ ⎞ ′′′ρ = + − −⎜ ⎟∂ ∂ ∂⎝ ⎠
 (2.7) 
where ρ  is the density, c  the specific heat, Ck  the thermal conductivity, CA  the cross 
sectional area, g′′′  the volume density of heat generation, ah  the heat transfer coefficient, 
P  the perimeter, ∞T  the surrounding temperature, and CT  the cantilever temperature. 
Due to the symmetry, only half of the cantilever was modeled with the adiabatic 
boundary condition at the free end. The opposite end was assumed to be fixed with the 
room temperature as the silicon base can be taken as a heat sink. The heat transfer 
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coefficient, ah , was obtained from the thermal behavior of the cantilever far from the 
substrate [12,22]. The estimated heat transfer coefficient is in the range between 1,000 
and 5,000 W/m2K, depending on temperature. This large heat transfer coefficient is due 
to the reduced surface area of the cantilever. Since the cantilever thickness can vary 
depending on the fabrication condition, it was measured with SEM to be 590 nm with 
around 10 % uncertainty. Standard values of silicon properties were used for the density 
and specific heat [23]. The thermal conductivity of the cantilever was taken from 
empirical and theoretical works considering the doping level, temperature, and size effect 
[24-28].  
Since all the variables in Eq. (2.7) are position-dependent, a fully implicit finite-
difference method was employed for physically-realistic and stable computation. In the 
calculation, x∆  is set to 0.5 µm and t∆  is chosen to be one hundredth of the voltage 
oscillation period to achieve a good accuracy [29]. The challenge is to obtain the 
cantilever resistance at each node as a function of temperature, which is semi-empirically 
obtained from Fig. 2.3(a). The cantilever temperature is iteratively calculated until the 
cantilever resistance converges to within 0.01 %. The quasi-steady solution is obtained 
when the cantilever resistance changes less than 0.01 % compared to the previous period. 
However, Fig. 2.3(a) is not applicable when the frequency is higher than 10 kHz, because 
the resistance significantly deviates from the DC response. Instead, the cantilever 
temperature can be calculated from the power dissipation in the cantilever, which 




C C C C
R j LZ







Since CZ  becomes CR  at steady state, the DC resistance curve in Fig. 2.3(b) was applied 
to determine .CR  The cantilever capacitance, CC , and the cantilever inductance, CL , 
were determined from the measured cantilever electrical impedance. Estimated CC  and 
CL  are in the order of 10 pF and 100 µH. These capacitance and inductance parasitically 
lie in the cantilever, and their values depend on the cantilever geometry and the 
environment. Since the objective of this study is to characterize the cantilever under a 
typical AFM operation, the experiment was performed in a commercial AFM (Asylum 
MFP-3D), and no special treatment was taken to suppress these parasitic effects.  
Before the numerical model was applied to AC operation, the model was validated in DC 
operation. The cantilever response in DC operation was calculated and compared with the 
measurements in Fig. 2.3(b). The simulation results and the measured data are in good 
agreement within 1.2 % standard error, suggesting that the numerical model can provide 
a reasonable estimate of the cantilever temperature in AC operation. Figure 2.8(a) shows 
the cantilever resistance and reactance versus frequency when the input voltage is fixed at 
7 V-rms. The calculated values match well with the experimental data: only the simulated 
peak-to-peak resistance overestimates the measurements with a 7.4 % relative error at 
low frequencies. This deviation could be attributed to an underestimate of the volumetric 
heat capacity of the cantilever or the variation of the effective heat transfer coefficient. 
The cantilever heater temperature in Fig. 2.8(b) shows a similar trend as the resistance, 
confirming that the temperature can be estimated with the resistance change even in the 
AC mode operation. It is also noteworthy that the frequency-dependence of the cantilever 
heater temperature shows a similar trend to that of a harmonic signal in Fig. 2.4(a). More 






Figure 2.8 The calculated results on the electrical and thermal responses of the cantilever. (a) Comparison 
of the cantilever impedances that are experimentally and numerically obtained when the frequency varies at 
a fixed input voltage 7 V-rms. (b) Calculated cantilever heater temperature for the same case as (a). In the 
figure, sτ  is the settling time constant whereas tτ  is the thermal time constant. 
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peak-to-peak amplitude to the 3ω signal. After all, the 1ω and 3ω signals are generated 
mostly due to the time-averaged cantilever resistance and the resistance oscillation 
amplitude, respectively. By monitoring the 1ω and 3ω signals of the cantilever voltage, 
one can estimate the AC cantilever heater temperature in real time without any post-
analysis of the data.  
In order to safely operate the cantilever in AC mode, it is important to wisely 
choose the driving frequency according to intrinsic time constants of the cantilever. 
Figure 2.8(b) provides two different thermally-related time constants. The “slow” time 
constant is the time needed for the cantilever and its holder to reach a thermal equilibrium 
with the environment [7], and can be obtained from the frequency at which the peak-to-
peak resistance decreases to 3−  dB (i.e., 70 %) of the maximum [20]. The “slow” time 
constant, or the settling time constant, is estimated to 2.5sτ =  ms, which corresponds to 
400 Hz. If the driving frequency is slower than the settling time constant, the frequency 
has no effect on the thermal response of the cantilever. The “fast” time constant, or the 
thermal time constant, determines how fast the cantilever thermally responds to an abrupt 
change of the cantilever power. The thermal time constant is obtained from the frequency 
at which the peak-to-peak resistance decreases to be 30−  dB (i.e., 30%) of the maximum 
value. The thermal time constant is estimated to be 280tτ =  µs, which is in the same 
order of the thermal time constant measured from the heating pulse experiment [12].  
While not investigated here, there should be another time constant close to 1 MHz that is 
associated with the heating and cooling of only the cantilever heater region.   
Figure 2.9(a) shows the heater temperature oscillations at different frequencies. 







Figure 2.9 The calculated temperature of the cantilever. (a) The traces of the cantilever heater temperatures 
at the total input voltage 7 V-rms. (b) Calculated time-averaged temperature and (c) peak-to-peak 
temperature distribution along the cantilever for the same case as (a). 
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amplitude, decreasing to the room temperature when the input power reaches zero. As 
frequency increases, the temperature oscillation amplitude becomes small, approaching a 
constant time-averaged temperature. It should be noted that the time-averaged 
temperature is not located in the middle of the oscillation: simply taking a median value 
from the temperature oscillation would provide an erroneous estimate of the time-
averaged temperature. Figures 2.9(b) and (c) provide the time-averaged and peak-to-peak 
temperature distributions along the cantilever. As the frequency increases, the time-
averaged temperature distribution approaches the DC response. Interestingly, when the 
frequency is 10 kHz, the peak-to-peak temperature distribution becomes zero everywhere 
except the heater region: the temperature oscillation is restricted to only a small part of 
the cantilever. This local temperature oscillation would allow the cantilever to be used for 
a very sensitive thermogravimetry, or for the measurement of thermophysical properties 
of a substrate, such as the thermal conductivity and diffusivity.  
2.5 Conclusion 
This work characterized a heated microcantilever in AC operation. Spectrum 
analysis suggests that higher order harmonic signals must be considered to accurately 
describe the thermal behavior of the cantilever. Below 100 Hz, the cantilever resistance 
fully follows the power oscillation because the time taken for the cantilever to reach a 
thermal equilibrium with its environment is faster than its periodic-heating frequency. As 
the frequency increases, however, the cantilever cannot thermally respond to the power 
oscillation fast enough, and the thermal lag results in a suppression of the cantilever 
resistance oscillation. Furthermore, the cantilever impedance begins to play a role in the 
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electric behavior at high frequencies. The temperature oscillation of the cantilever was 
predicted with a numerical model. Comparison of the calculation and measurement 
suggests that the cantilever heater temperature can be monitored in real time with the first 
and third harmonic cantilever voltage signals. The frequency-dependence of the 
cantilever thermal behavior determines two different time constants: 280 µs as the 
thermal time constant and 2.5 ms as its settling time constant. When the cantilever is 
operated at frequencies higher than the thermal time constant, the temperature oscillation 
is restricted to the cantilever heater region. The obtained results provide better 
understanding of heated microcantilevers, particularly when it is used in periodic 
operation for sensitive AFM-based thermal metrologies.   
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CHAPTER 3  
CHARACTERIZATION OF HEATED MICROCANTILEVERS AT 
LOW TEMPERATURES 
This chapter describes the electrical and thermal behaviors of heated 
microcantilevers under steady- and periodic-heating operation at low temperatures and in 
vacuum. The cantilever resistance drastically increases as temperature decreases below 
150 K, providing a large and negative temperature coefficient of resistance of 0.023−  
-1K  at 100 K. Under steady-heating, the cantilever heater can be heated above 300 K 
even when its environment is at 77 K. Electrical and thermal transfer functions are 
derived to depict the electrical and thermal cantilever responses under periodic heating 
and to extract cantilever thermophysical properties. The calculation of in-phase and out-
of-phase temperatures along the cantilever reveals that its response becomes out of phase 
and restricted to the heater region at high frequencies. These results enable the use of 
heated cantilevers in cryogenic applications as a localized heat source and a sensitive 
thermal metrology tool. 
3.1 Introduction 
Cryogenic atomic force microscopy, or cryo-AFM, provides promising 
opportunities for AFM-based applications at low temperatures [1-3], perhaps most 
notable is high resolution imaging of biomolecules. By operating AFM at 77 K, 
difficulties in achieving high resolution at room temperature can be overcome, such as 
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sample softness or thermal motion of macromolecules. Radenovic et al. [2] showed that a 
cryo-AFM in ultrahigh vacuum can accurately measure DNA plasmid height, while the 
room temperature measurement provides only half of the true value. The probe 
mechanical properties such as resonance frequency, spring constant, and quality factor 
depend upon temperature [3]. Few if any cryo-AFM studies have focused on thermal 
applications. If heated AFM cantilevers were used as a thermal source in cryo-AFM, new 
AFM measurements would be possible such as thermal property measurement of frozen 
cells, low temperature calorimetry, study of local heating effect on freezing processes, 
and thermal management in cryopreservation [4]. The low-temperature electrical and 
thermal behavior of heated cantilevers must be understood in order to realize these 
applications. However, nearly all of the published works of heated microcantilevers have 
focused on room temperature. While one paper places the cantilever in a cryostat [5], no 
paper has reported detailed cryogenic operation.  
This chapter describes electrical and thermal behaviors of heated microcantilevers 
at low temperatures. While varying the stage temperature in a cryostat, steady-state 
characterization was performed by monitoring the temperature-dependent cantilever 
electrical resistance. For periodic-heating analysis, electrical and thermal transfer 
functions were derived and used to determine frequency-dependent cantilever thermal 
behaviors as well as the thermophysical properties of the cantilever at low temperatures. 
The periodic cantilever temperature was calculated from the measured properties and 
thermal diffusion time. The results obtained in this work aim to expand the use of the 




The experiment was performed with a heated microcantilever mounted in a Janis 
He-3-SSU-He3 refrigerator. A heated cantilever used in the experiment was of the same 
geometry as that described in Chapter 2. Figure 3.1 shows the stage of the cryostat 
containing a resistive heater and a thermometer so that the stage temperature can be 
controlled by a PID temperature controller. A 100 Ω platinum resistance thermometer 
measured temperature from 77 K to room temperature. The cantilever resistance was 
monitored simultaneously to verify thermal equilibrium between the stage and the 
cantilever. The measurements were performed at various stage temperatures starting from 
77 K. Vacuum condition better than 710−  bar was maintained during the experiment.  In 
this vacuum condition, thermal conduction along the length of the cantilever dominates 
thermal radiation [5]. 
 
 
Figure 3.1 The experimental description for the cantilever characterization at low temperature. The 
cantilever is mounted on a stage whose temperature can be controlled in the range of 77 K to 300 K. A 
good vacuum condition is maintained around the cantilever.  
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The cantilever was characterized in under both steady (DC) and periodic (AC) 
heating excitation.  In DC operation, the cantilever was characterized by obtaining its 
temperature-dependent electrical resistance. In periodic-heating operation, or AC 
operation, harmonic voltage signals across the cantilever was measured with a lock-in 
amplifier under a differential scheme [6]. While increasing the driving frequency at a 
fixed input voltage, the AC experiment was performed by measuring the harmonic 
cantilever voltage and the current, which can be obtained by /S SI V R=  where SV  is the 
voltage drop across the sense resistor of the resistance SR . The sense resistor was a non-
inductive 10 kΩ resistor with 1% tolerance. This resistor response is purely resistive at 
frequencies up to 100 MHz, preventing the electrical impedance effect discussed in 
Chapter 2. 
3.3 Steady-Heating Operation 
The cantilever resistance is temperature-dependent and can be used to estimate 
the temperature of the heater region [7]. Figure 3.2 shows temperature calibration of the 
cantilever resistance, when the stage was in thermal equilibrium with the cantilever. The 
cantilever power dissipation during the measurement was 0.2 µW, yielding a heater 
temperature increase < 0.02 K. In Fig. 3.2, the cantilever resistance increases 
dramatically as temperature decreases. This behavior is much different from the 
cantilever resistance change above room temperature, i.e., in Fig. 2.3. At low 
temperature, the cantilever temperature coefficient of resistance (TCR), defined as 
( ) (1/ )( / )b T R dR dT= , is negative and large. At 100 K the estimated cantilever TCR is 




Figure 3.2 The cantilever resistance change as a function of temperature. Marks denote the measured values 
whereas the solid curve is calculation. The inset shows the calculated resistance of the heater region and 
that of the leg region including the thermal constriction and the anchor.  
0.023−  -1K , which is about twice that of platinum, 0.013 -1K . This large TCR suggests 
that the heated cantilever can sensitively measure cryogenic temperature. 
The temperature-dependence of the cantilever resistance may be understood using 
a temperature-dependant resistivity model of phosphorus-doped silicon. Assuming that 
the minority carrier density is negligibly small, the resistivity can be calculated with 
1 ( )eenρ = µ , where e , n , and eµ  are respectively the electron charge, density, and  
mobility. Even though silicon electron density and mobility have been extensively 
studied [8-11] and general knowledge is available in textbooks [12-14], there are not 
many resistivity models that accurately predict the resistivity change for wide range of 
temperatures from 50 K to 400 K and doping levels from 1016 cm-3 to 1021 cm-3. 
Furthermore, available models from the literature are not consistent with each other, as 
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they still have many restrictions [9,15,16]. Here we develop a model for the cantilever 
resistance by modifying available models for bulk silicon.  
Recently, Mnatsakanov et al. [17] suggested a simple analytical carrier mobility 
model that is applicable to various semiconductors for a wide range of temperatures and 
dopant densities, with accuracy within 7 % relative error on average [17]. Modeling of 
the electron density for n-doped silicon starts from the charge neutral condition, which 
equates the electron density and ionized donor density, Dn N
+ , if the minor carrier 
numbers are negligible. Assuming Fermi-Dirac statistics, parabolic energy bands, and a 
single-energy impurity level, Blakemore [18] developed a model for calculating the 
electron density, in which the electron density and the ionized donor density are  




1 0.5exp ( ) /D D D F B
N N
E E k T
+ ⎧ ⎫⎪ ⎪= −⎨ ⎬+ −⎪ ⎪⎩ ⎭
 (3.2) 
1/ 2( )F η  is a Fermi-Dirac integral of order 1/2 as a function of ( ) /F g BE E k Tη = − , 
based on zero energy level of the valence band, i.e., 0VE =  [19]; FE  is the Fermi 
energy; gE  is the band gap energy given by 
21.165 0.000473 /( 673)gE T T= − + [20]; 
Bk  is the Boltzmann constant; DN  is the dopant density; and DE  is the donor energy 
level. The donor energy level DE , or the donor ionization energy D C DE E E∆ ≡ − , is 
dependent upon the dopant density according to the 1/ 3DN  law [9,21]: 
 1/ 3(0)D D DE E N∆ = ∆ − ζ  (3.3) 
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where (0) 0.045 eVDE∆ =  is the ionization energy of the phosphorus donor, and ζ  is a 
coefficient to be used as a fitting parameter. The electron density model given by Eqs. 
(3.1) thru (3.3) was verified by comparing computed electron densities with the measured 
values [22,23] over the temperature range from 50 K to 300 K for several dopant 
densities lower than 18 -31 10  cm× : they are in good agreement within 8%. For dopant 
concentrations higher than approximately 19 -31 10  cm× , however, this model generates a 
considerable error because a high donor energy band is broadened and begins to merge 
with the conduction band, generating more free carriers than Eq. (3.2) would predict. The 
calculation [21] and measurement [24] suggested that when the doping concentration is 
higher than 19 -31 10  cm× , the dopant density is fully ionized and thus becomes 
independent of temperature: that is, the electron density is the same as the dopant density.  
Based on the electron mobility and density models, the cantilever resistance was 
calculated with two fitting parameters. The first fitting parameter was ζ  and determined 
to be 81.7 10  eV-cm,−× which is in the same order of those obtained in previous research 
[9,21]. Another fitting parameter was the effective dopant density of the heater and 
estimated to be 17 -35.9 10  cm× . However, since the leg region is heavily doped over 
20 -310  cm , the electron density of the leg region was simply obtained from the impurity 
diffusion analysis for given ion-implantation parameters. The calculated electron density 
of the leg is 20 -34.3 10  cm× . Figure 3.2 shows the calculated cantilever resistance 
together with the measurement. The cantilever resistance measurements were very 
accurate within 0.1 % uncertainty, and the agreement between the measurement and 
calculation is within 3 % relative error on average. The inset in Fig. 3.2 shows the 
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modeled resistance of the heater region and that of the leg region including the thermal 
constriction and the anchor. From the inset, it is clear that the most of the cantilever 
resistance is attributed to the heater region: the heater resistance takes more than 97% of 
the cantilever resistance at 100 K and 93% at room temperature. This result confirms that 
power is predominantly dissipated in the heater region. Under steady heating, Fig. 3.2 can 
be used to directly estimate the heater temperature from the cantilever resistance.  
The drastic increase of the cantilever resistance at low temperatures can be 
attributed to electron freezing and large impurity scattering at the heater region. 
Compared to the heater region, the heavy dopant concentration of the leg region is 
completely ionized, and thus the leg resistance experiences little change with 
temperature. Note that the scattering rate is inversely proportional to the mobility 
*/ ee mµ = γ , where 
*
em  is the electron effective mass and γ  is the scattering rate. At 
around room temperature, the cantilever resistance becomes almost constant because the 
slightly increasing electron density competes with the slightly decreasing electron 
mobility. The decreasing mobility at room temperature is because increasing lattice 
scattering due to the increasing phonon density of states exceeds the decreasing impurity 
scattering. If temperature further increases over room temperature, the lattice scattering 
rate will continuously rise while the electron density becomes saturated, resulting in the 
increase of the cantilever resistance. However, the boundary scattering effect is 
negligibly small because the electron mean free path of is the order of 10 nm [24], much 







Figure 3.3 The cantilever resistance change (a) as a function of the cantilever voltage and (b) as a function 
of the cantilever power for different stage temperatures. The insets are the cantilever resistance change at 
room temperature. Solid curves are measured values. 
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Figures 3.3(a) and (b) show the DC characteristics of the cantilever measured at 
different stage temperatures. The cantilever resistance decreases as the cantilever voltage  
increases, which is consistent with Fig. 3.2. The cantilever resistance at 0 77.8 KT =  is 
reduced to the room temperature resistance when the cantilever voltage is around 1 V, 
indicating that the cantilever heater temperature is near 300 K. For higher stage 
temperatures, the cantilever resistance goes through the minimum values around 1.3 kΩ 
and then increases. When compared with cantilever response at room temperature shown 
in the insets, this increasing resistance is because of the temperature rise above room 
temperature. In fact, the cantilever can be heated much higher than room temperature as 
long as the electrical current through the cantilever does not exceed the maximum current 
density the cantilever can hold: if the current exceeds the limit, current congestion at the 
thermal constriction will cause a local temperature rise above silicon melting 
temperature. Because the cantilever heater temperature can be controlled from 77 K to 
300 K when the cantilever base resides at 77 K, the heated cantilever could be used as a 
local thermal management tool in various cryogenic applications. 
3.4 Periodic-Heating Operation 
3.4.1 Electrical and thermal transfer functions 
In order to correctly interpret the AC experimental results and extract meaningful 
thermophysical properties from data, several analytical and numerical approaches have 
been suggested for various thermal systems [25-28]. Recently, Dames and Chen [29] 
suggested a general framework of thermal and electrical transfer functions of a sample 
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containing a line heater, such that the electrical and thermal responses of the sample can 
be clarified when it is under a periodic joule heating with or without a DC offset. 
However, their transfer functions are not applicable when power is not uniformly 
dissipated over the sample, which is the characteristic feature of the heated cantilever. 
Previous reports provide an insufficient framework to analyze the heated cantilever, and 
so this paper establishes transfer functions that overcome these limitations and can be 
applied to more general cases.  
When the cantilever is heated by a sinusoidal current at angular frequency ω , 
1( ) sin( )I t I t= ω , the cantilever resistance can be approximated to  
 0( ) 1 ( )C i i i
i
R t R b t
⎡ ⎤
= + ξ Θ⎢ ⎥
⎢ ⎥⎣ ⎦
∑  (3.4) 
under the condition that the cantilever consists of four electrically active parts, i.e., 
heater, thermal constriction, leg, and anchor. Here, 0R  is the DC cantilever resistance at a 
specific temperature, ib  and ( )i tΘ  are respectively the TCR and averaged temperature 
oscillation at each part. 0/i iR Rξ ≡  denotes the ratio of the individual resistance to the 
DC cantilever resistance, satisfying 1iξ =∑ . The index i is taken as h, c, l, and a, each 
of which denotes heater, thermal constriction, leg, and anchor region. Equation (3.4) is 
valid for both linear and nonlinear resistance systems as long as the temperature 
oscillation amplitude is small: The nonlinearity is involved in the temperature-dependent 
DC resistance and TCR. Since ( ) 1i i ib tξ Θ <<∑  in Eq. (3.4), the power dissipation at the 
cantilever can be approximated to 2 0( ) ( )Q t I t R= , and the average temperature 
oscillation ( )i tΘ  can be written as  
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 ,( ) ( )i i t it Q t ZΘ = ⊗  (3.5) 
where ( )i iQ Q t= ξ  is the power dissipation of each part, ⊗  denotes convolution, and ,t iZ  
is the inverse Fourier transform of the thermal transfer function ,iZω . By combining Eqs. 
(3.4) and (3.5) and employing Ohm’s law, the voltage drop across the cantilever can be 
expressed as 
 2 20 0 ,( ) ( ) 1 ( )C i i t iV t I t R R b Z I t⎡ ⎤= + ξ ⊗⎣ ⎦∑  (3.6) 




C i i t iZ b Zb
≡ ξ∑  (3.7) 
where 0b  is the cantilever TCR obtained from the measurement, electrical transfer 
functions over the harmonics n can be expressed as [29] 
 ,2 3
0 0 1,









ω ω= ω + ω  (3.8) 
Where ,n rmsV ω  is rms-harmonic signals of the cantilever voltage, and 1j = − . Here, 
nX ω  and nY ω  are in-phase and out-of-phase electrical transfer functions and can be 
related with thermal transfer functions, as suggested by Dames and Chen [29]. 
The thermal transfer function of the cantilever can be obtained by modeling heat 
transfer in each region of the cantilever. Since the thermal resistance across the thickness 
and the width of the cantilever is very small compared to the thermal resistance along or 
from the cantilever, one-dimensional transient heat conduction equation is appropriate for 
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where ( , )i x tΘ , iC , ik , and ( )iQ t  are the temperature oscillation, the volumetric heat 
capacity, the thermal conductivity, and  the power dissipation of each region of volume 
iV . The equation is set on the local coordinate of the control volume: x  ranges from 0 to 
il , the length of the i-th region. Since the cantilever is symmetric, only half of the 
cantilever is modeled with the adiabatic boundary condition at the free end. The opposite 
end at the anchor can be assumed to be maintained with the stage temperature as the 
silicon base can be taken as a heat sink. Good vacuum condition during the experiment 
prevents the convection heat loss from the cantilever to the environment. Radiation heat 
loss can also be neglected during the periodic-heating operation of the cantilever. 
According to Lu et al. [28], radiation heat loss can be neglected if 3 2 208 / 1hT l kπ δ  for 
a suspended blackbody sample, where 8 2 45.67 10  W/m Kh −= ×  is the Stefan-Boltzmann 
constant, 0T  is the base temperature, l  is the sample length, k  is the thermal 
conductivity, and δ  is the cantilever thickness. The estimated criterion value for the 
heated cantilever is 33.72 10−× , which is small enough to neglect radiation heat loss.  
If ( )Q t  is expressed as ( ) cos( ) Re Hj tHQ t Q t Q e
ω
ω ω⎡ ⎤= ω = ⎣ ⎦ , Eq. (3.9) can be 



















where ,( , ) Re H
j t
i ix t e
ω
ω⎡ ⎤Θ = Θ⎣ ⎦  and Hω  is the heating frequency. Equation (3.10) can 
be solved with a modified matrix formulation [30]. After considerable manipulation, ,iωΘ  
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x Q W x j
f x j
k A j j C V
ω ωΘ ω = ω β +
⎫ω ξ
− β + + ⎬β + ω ⎭
 (3.11) 
where 2i H iβ = ω α  is the thermal wave vector, /i i ik Cα =  is the thermal diffusivity, 
( ),( , ) ( / ) /i H i H iW x Q j CVω ωω = Θ − ξ ω  is an equivalent temperature oscillation, and 
( , )i i i if x k A W xω = − ∂ ∂  is the nondimensional heat transfer rate at each region. The 
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 (3.12) 
Thus, the thermal transfer function of the cantilever can be obtained from Eqs. (3.7) and 
(3.12). It should be emphasized that the thermal transfer function can be interpreted as the 
thermal impedance, representing the amount of temperature rise for a given unit AC 
power.  
In order to compromise the deviation of the thermal transfer function caused by 
using a voltage source, not an ideal current source, in the experiment, thermal transfer 














where CZ  is calculated from Eq. (3.12), and totalR  is total resistance including the 
cantilever resistance, the wire resistance, and the output impedance of the voltage source. 
Equation (3.12) is now combined with Eq. (3.13) to characterize electrical and thermal 
cantilever response under periodic heating. In addition, cantilever thermophysical 
properties such as the thermal conductivity and specific heat can be obtained from the 
measurement. 
3.4.2 Results and discussion 
As in the DC characterization, AC experiment was performed for different stage 
temperatures from 77 K to 200 K. 1ω and 3ω cantilever voltage signals were measured 
while a small input voltage (i.e., 0.3INV =  V-rms) was applied to the circuit. Figures 
3.4(a) and (b) show in-phase and out-of-phase 1ω cantilever voltages for three stage 
temperatures. The in-phase signals in Fig. 3.4(a) maintain their values until around 10 
kHz and drastically decrease. On the other hand, the out-of-phase signals have valleys in 
the range from 30 kHz to 100 kHz, depending on the stage temperature. These cantilever 
responses are due to changing electrical impedance of the cantilever, rather than changing 
thermal characteristics. The equivalent circuit illustrated in the inset of Fig. 3.4(a) 
represents the cantilever as a parallel connection of a resistor CR and a capacitor CC , 
yielding the cantilever voltage as 
 1 ( )
C IN
S C S C C
R VV




1ω cantilever voltages calculated from the above equation are plotted together in Fig. 3.4 






Figure 3.4 1ω cantilever voltage signals for different stage temperatures. (a) Real and (b) imaginary 
components of the 1ω cantilever voltage indicate that the cantilever can be modeled as a parallel connection 
of the equivalent resistance and capacitor, as illustrated in the inset of (a). The solid curves are calculated 
values from the equivalent circuit. 
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valleys of out-of-phase signals at higher stage temperatures. The cantilever capacitance 
CC  is estimated in the order of 100 pF. However, the cantilever inductance is negligibly 
small, which is different from Chapter 2. In fact, these parasitic capacitance and 
inductance depend on cantilever geometries and its operation environments. As discussed 
in 0, the presence of the cantilever capacitance and/or inductance significantly changes 
the cantilever electrical behavior at frequencies higher than 10 kHz. Combined with the 
cantilever capacitance, the decreasing cantilever resistance with temperature reduces the 
signal magnitudes and shifts the valley position of the out-of-phase signal to the higher 
frequency. Since the electrical impedance effect on the 1ω signal is significant, the 
thermal information of the 1ω signal is hardly recognizable: after all, the harmonic 
cantilever voltage change due to the thermal effect is on the order of 100 µV-rms for the 
setup input voltage, much smaller than that due to the electrical impedance effect. 
Figures 3.5(a) and (b) show the in-phase and out-of-phase electrical transfer 
functions obtained from the 3ω cantilever voltage signals. In Fig. 3.5(a), the in-phase 3ω 
transfer function, 3X ω , maintains its magnitude up to around 100 Hz before approaching 
zero, because a driving frequency less than 100 Hz provides enough time for the 
cantilever to reach a thermal equilibrium with the environment: see Chapter 2. 
Since 3 Re[ (2 )] / 4cX Zω = − ω  and 3 Im[ (2 )] / 4cY Zω = − ω [29], the decrease of 3X ω  and 
3Y ω  magnitudes with increasing temperature indicates that the cantilever thermal 
impedance decreases with temperature. The peak location of 3Y ω  moves to a smaller 
frequency as temperature increases, which implies that the propagation speed of the 
thermal information along the cantilever becomes slower at high temperatures due to 






Figure 3.5 The electrical transfer functions converted from the 3ω cantilever voltage for different stage 
temperatures. (a) The in-phase electrical transfer functions and (b) out-of-phase transfer functions are 
plotted and compared with the calculation, which are plotted with solid curves. 
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The calculated electrical transfer functions are plotted together as solid curves in 
Fig. 3.5. The calculation and the measurement are in excellent agreement at low 
frequencies, but deviate at high frequencies. The deviation could be explained with two 
reasons. First, 3X ω  and 3Y ω  can be modulated by the electrical impedance at high  
frequencies. The deviation frequency of 3X ω  at 77.8 K is approximately 1 kHz, 
coincident with 2 kHz at which the out-of-phase 1ω voltage in Fig. 3.4(b) starts to 
change: the 3ω signal reflects the thermal response at 2ω. Moreover, the calculation and 
the measurement agree much better at higher stage temperature, being an additional 
evidence of the signal modulation because the impedance effect is pushed to high 
frequencies as temperature increases. Another possible reason of the deviation is that the 
modeling did not consider a depletion region between the heater and the thermal 
constriction, which may affect the high frequency thermal response of the cantilever. 
Huge difference of the carrier concentration at the heater boundary can enhance the 
scattering rate in a small depletion region, forming a “hot spot” whose thermal response 
spectrum is located at high frequencies.  A shoulder observed in measured 3Y ω  at around 
10 kHz, but not in calculated 3Y ω , might be due to the presence of this depletion region. 
The depletion region effects should be investigated as future research and will not be 
further discussed here. 
Despite the deviation between the calculation and the measurement at high 
frequencies, good overall agreement enables the extraction of cantilever thermophysical 
properties. Particularly, the properties of the heavily doped leg region can be obtained 
through the fitting process to the measurements. Even though the electrical resistance is 
dominated by the heater region, the thermal resistance of the cantilever mostly depends 
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on the heat conduction through the leg. Thus, thermal conductivity of the leg region and 
the specific heat (or thermal diffusivity) will determine the cantilever thermal transfer 
function, especially at low frequencies. Due to the small size of the heater and relatively 
large thermal conductivity of lightly doped silicon, the thermal behavior of the cantilever 
is not sensitive to the thermal conductivity of the heater region. The thermal conductivity 
at the heater is not adequate as a fitting parameter. Instead, thermal conductivity of the 
heater was taken from literature [31] considering the cantilever thickness [32]. Specific 
heat of the heater region was assumed to be the same as that of the leg region. Figures 
3.6(a) and (b) respectively show the thermal conductivity and the specific heat of the leg 
region. Compared to the thermal conductivity shown in the inset as a reference [33], the 
leg thermal conductivity is around a half of the reference value, and its peak position is 
shifted to higher temperature. These differences are mainly due to the heavy doping 
concentration ( 20 -34.3 10  cm× ) and thin cantilever thickness (0.59 µm): phonon-carrier 
and phonon-impurity scattering increase with doping level [34] while phonon-boundary 
scattering increases as the layer thickness decreases [32]: the estimated phonon mean free 
path at temperature range being considered is comparable to the cantilever thickness, 
reducing the thermal conductivity by nearly 50 %. As shown in Fig. 3.6(b), the specific 
heat of the cantilever leg is very close to that of pure and bulk silicon [35]. A small 
increase of the specific heat from that of pure silicon is expected because the Debye 
temperature of silicon slightly decreases with doping level [36]: the decrease of the 
Debye temperature DΘ  enhances the specific heat by
3( / )DC T∝ Θ  when temperature is 
low (i.e., / 50DT Θ < ) [37]. The successful extraction of thermophysical properties of 






Figure 3.6 Thermophysical properties extracted from the 3ω cantilever voltage measurement. (a) The 
thermal conductivity and (b) the specific heat of the leg region are plotted as a function of temperature. For 
comparison, the thermal conductivity of phosphorus doped silicon with a different doping concentration 
and thickness, which is measured elsewhere [33], is plotted together in (a). The specific heat of pure and 
bulk silicon is plotted in (b) for comparison.  
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for thermophysical property measurements. The cantilever structure could have an 
advantage over other approaches, since uncertainties associated with the finite thermal 
conductance of conventional metal-deposited apparatus [28, 32] can be eliminated. 
Thermal conductance measurements have been previously reported for suspended, 
doubly-clamped polysilicon beams [38], but this chapter extends the technique to 
periodic measurements, low temperature, and combines modeling with measurements. 
The uncertainties in the property extraction, which are estimated to be 5.4 %±  for 
the thermal conductivity and 5.2 %±  for the specific heat on average, are combinations 
of the uncertainties of the TCR, the thickness of the cantilever, and the measurement of 
harmonic cantilever voltage and other electrical properties. The relatively large 
uncertainties at low temperatures are mostly due to the uncertainty of the TCR. The 
cantilever resistance at low temperature varies dramatically with temperature, changing 
the TCR significantly even with a small uncertainty of 0.1 % in the resistance 
measurement. Another source of uncertainty lies in the extraction procedure, as the 
modeled transfer functions devastate from the measurement.  
From the obtained thermophyscial properties, the thermal diffusion time can be 
determined from 24 /Lτ = α , where 2L  is the whole cantilever length: since the anchor 
region experiences little temperature rise during heating, only heater, thermal 
constriction, and leg regions are considered as the cantilever. Figure 3.7 shows the 
diffusion time for different temperatures. The increase of the diffusion time with 
temperature is attributed to the decreasing thermal diffusivity, shown in the inset. 




Figure 3.7 Thermal diffusion time as a function of temperature. The inset represents the measured thermal 
diffusivity.  
 
thermal information to be diffusively delivered throughout the cantilever, the increasing 
diffusion time with temperature represents that the propagation speed of the thermal 
information along the cantilever decreases with increasing temperature. The estimated 
diffusion time is the same order of the settling time constant in Chapter 2, indicating that 
the diffusion time is also the time needed for the cantilever to reach thermal equilibrium 
with the environment. 
Figures 3.8(a) and (b) show the calculated real and imaginary components of 
Fourier-transformed temperature oscillation ( , ),xωΘ ω  or in-phase and out-of-phase 
temperature, along the cantilever for different heating frequencies. ωΘ  is 
nondimensionalized with the magnitude of temperature oscillation at the free end. As 






Figure 3.8 Temperature distributions along the cantilever for different frequencies. (a) The in-phase 
temperature along the cantilever is nondimensionalized with the temperature oscillation amplitude at 
0x =  and plotted for four different frequencies. Two dash-dot lines distinguish the heater, thermal 
constriction, and leg region. (b) The out-of-phase temperature is plotted for the same frequencies as (a). (c) 
The amplitude of temperature oscillation along the cantilever shows the restriction of the thermal behavior 
within the heater and thermal constriction region at high frequency. 
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frequency, indicating that the actual temperature oscillation becomes smaller as the 
frequency increases. The dash-dot lines in the figures distinguish the heater, thermal 
constriction, and leg regions. When the frequency is slow (i.e., 0.1Hω τ = ), the 
temperature distribution is in phase and linear along the leg, because the slow frequency 
provides enough time for the cantilever to thermally respond to the power oscillation and 
diffuse the thermal information along the whole cantilever. As the frequency increases 
and exceeds the diffusion time constant, the cantilever response becomes out of phase 
and restricted within the heater and thermal constriction regions. This out-of-phase shift 
represents the considerable phase lag between power oscillation and corresponding 
cantilever thermal response: the cantilever cannot instantaneously respond to the fast 
power oscillation. Fast power oscillation beyond the diffusion time constant also prevents 
the thermal information from propagating to the opposite end of the cantilever. When 
100Hω τ = , for example, both the in-phase and out-of-phase temperature becomes zero at 
around 50 mx = µ , which is only one third of the cantilever length. Moreover, significant 
temperature change occurs at the thermal restriction region, suggesting that optimum 
design of the thermal constriction region can restrict the high frequency thermal behavior 
of the cantilever within a small region. The restriction of the cantilever thermal response 
is reconfirmed in Fig. 3.8(c), which shows the distribution of temperature oscillation 
magnitude along the cantilever for different frequencies. 
3.5 Conclusion 
This work investigates the electrical and thermal responses of a heated 
microcantilever at low temperatures to extend its use in a cryogenic environment. The 
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cantilever resistance increases for decreasing cantilever temperature, due to carrier 
freezing and the decrease of the mobility. The steady-heating cantilever characterization 
reveals that the cantilever heater temperature can increase above 300 K when the 
environment is still at liquid nitrogen temperature. Under periodic-heating operation, the 
electrical impedance of the cantilever significantly distorts the 1ω cantilever voltage at 
high frequencies and complicates the thermal analysis. To ease the thermal analysis, 
electrical and thermal transfer functions of the cantilever were developed. The thermal 
conductivity and specific heat of the leg region were obtained by comparing the transfer 
functions with the measurements. The cantilever response at high frequencies becomes 
out of phase and is restricted within the heater and thermal constriction regions. The 
results obtained here clearly depict the cantilever electrical and thermal behavior at low 
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CHAPTER 4   
TAPPING-MODE NANOTOPOGRAPHY USING A HEATED 
MICROCANTILEVER 
While previous chapters have focused on the characterization of a heated 
microcantilever for its possible usage as a cantilever-based thermal sensor, this chapter 
proposes the application of the heated cantilever as an alternative topographic imaging 
tool, particularly in tapping-mode AFM operation. The electrical and thermal responses 
of the cantilever were investigated while the cantilever oscillated in free space or was in 
intermittent contact with a surface. The cantilever oscillates at its mechanical resonant 
frequency, 70.36 kHz, which is much faster than its thermal time constant of 300 µs, and 
so the cantilever operates in thermal steady state. The thermal impedance between the 
cantilever heater and the sample was measured through the cantilever temperature signal. 
Topographical imaging was performed on silicon calibration gratings of height 20 and 
100 nm. The obtained topography sensitivity is as high as 200 µV/nm and the resolution 
is as good as 0.5 nm/Hz1/2, depending on the cantilever power. The cantilever heating 
power ranges 0 - 7 mW, which corresponds to a temperature range of 25 - 700 °C. The 
imaging was performed entirely using the cantilever thermal signal and no laser or other 
optics was required. As in conventional AFM, the tapping mode operation demonstrated 




In most AFM configurations, displacements of a cantilever are optically measured 
by bouncing a laser off the cantilever. However, laser-deflection based AFM is not 
feasible in every situation, for example when large arrays of cantilevers are to be 
operated in parallel or when the system does not permit optical access. Alternative 
approaches to monitor the cantilever position are required. 
One alternative to monitor the cantilever position is to measure heat flow from the 
probe. The first report of local probes that exploit heat flow to sense topography was 
performed with a profilometer tip affixed with a thermocouple [1]. The thermocouple 
temperature signal indicated the amount of heat flow between the tip and the surface, 
which was modulated by the distance between the tip and the sample. The thermal signal 
could thus be used as a feedback signal for measuring topography. The same sensing 
strategy is possible with heated microcantilevers, because the heated cantilever itself is a 
very sensitive thermometer [2]: in the case of the silicon probe, the temperature sensor 
was a thermistor rather than a thermocouple. Recent theoretical [3,4] and experimental 
[5] studies showed that heated AFM cantilevers can be used for imaging nanometer-scale 
surface topography with sensitivity that greatly exceeds that of the piezoresistive 
cantilever. The thermally-sensed topography was also suggested by Lee and 
Gianchandani [6] with a different type of scanning thermal probe. However, these 
previous studies have been strictly limited to contact-mode operation, and no published 
report has described the use of the heated cantilever in tapping-mode operation. As in 
conventional tapping-mode AFM [7-9], the use of a heated cantilever in tapping mode 
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would allow precise topographic imaging of soft samples while suppressing imaging 
artifacts.  
This chapter explores the resolution and sensitivity of the tapping-mode 
thermally-sensed topography using a heated microcantilever. The cantilever electrical and 
thermal characteristics are monitored when the cantilever oscillates either in free space or 
in intermittent contact with a surface. The cantilever electrical signal is compared to the 
laser-deflection signal.  Several important issues are highlighted regarding cantilever 
design and operation for tapping mode imaging.  
4.2 Experiment 
The concept of topography mapping using the cantilever thermal signal has been 
explained previously [5], and is briefly summarized here. When the heated cantilever is 
operated near a surface, most of the generated heat flows into the substrate. About half of 
the heat flows directly across the air gap, while the remainder flows into the cantilever 
legs, although most of the heat that flows into the legs eventually flows into the air and 
into the substrate.  The heat flow from the cantilever is a strong function of the air gap 
[5], indicating that the cantilever heater temperature sensitively changes with the change 
of the air gap. As the heated cantilever scans over a substrate, topographical feature of the 
substrate changes the vertical displacement of the cantilever relative to the substrate, 
leading to the change of the cantilever heater temperature and, correspondingly, the 
cantilever resistance. Thus, monitoring the cantilever voltage as the heated cantilever 




The experiment was performed in a commercial AFM platform (Asylum MFP-
3D). Figure 4.1(a) illustrates the experimental setup of tapping mode topography using a 
heated microcantilever. The cantilever used in the experiment has the same geometry 
with that used in Chapters 2 and 3. While the cantilever scanned over a sample in tapping 
mode, the AFM controller provided a topographic image of the sample by modulating the 
oscillation amplitude of the cantilever measured with a position-sensitive photodiode 
detector (PSD) [7-9]. At the same time, the cantilever was operated in a Wheatstone 
bridge circuit, as shown in Fig. 4.1(b). When the electrical current flows through the 
bridge circuit, the cantilever dissipates the electrical power and increases the heater 
temperature. Since the cantilever resistance is dependent upon the heater temperature, 
measuring the voltage change between A and B, i.e., C A BV V V∆ = − , provides the 
relative change of the cantilever heater temperature. Measuring CV∆  during the raster 
scanning can thus provide thermally-sensed topography. In the experiment, 5 kΩ  non-






Figure 4.1 (a) The experimental setup for tapping mode topographical imaging using a heated 
microcantilever. While oscillating the cantilever, the AFM controller measures the laser deflection using a 
position-sensitive photodiode detector (PSD). The temperature-dependant voltage of the cantilever heater is 
measured simultaneously. (b) The use of Wheatstone bridge enhances the sensitivity of the cantilever 
voltage measurement. The cantilever voltage change can be obtained with C A BV V V∆ = − . 
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4.3 Results and Discussion 
Before operating the cantilever in tapping mode, the cantilever mechanical 
properties of the cantilever must be understood. Figure 4.2 shows the thermal noise 
spectrum of the cantilever, which is the Fourier transformed laser-deflection signal of the 
unheated, free-standing cantilever far from the substrate. The random movement of air 
particles and their collisions to the cantilever give rise to the random fluctuation of the 
cantilever. As shown in the inset of Fig. 4.2, the fundamental resonance frequency can be 
obtained from the first peak position at 70.36 kHz. The other peaks at higher frequencies  
are due to higher oscillation modes or different oscillation patterns caused by the “U” 
shape of the cantilever. Another important property is the inverse optical lever sensitivity  
 
Figure 4.2 The mechanical characteristics of the cantilever when it is suspended in quiescent air, without 
interacting with the substrate. The noise density spectrum of the cantilever provides the fundamental 
mechanical resonance frequency of the cantilever.  
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(InvOLS), which is a parameter that converts laser-deflection signal to the oscillation 
amplitude. The InvOLS can be obtained from a slope of laser-deflection signal against 
the change of the z-direction piezo-scanner when the cantilever is in contact with the 
substrate. The InvOLS of the cantilever used in the experiment was 330 nm/V. The 
driving frequency for tapping mode was chosen as 69.5 kHz, close to the resonance 
frequency. 
Electrical characterization of the cantilever is also necessary for the topography 
measurement. Figure 4.3(a) shows the cantilever resistance as a function of the total input 
voltage when the cantilever is suspended in quiescent air, without interacting with the 
substrate. The cantilever resistance first increases with increasing input voltage because 
of the decreasing electrical mobility of doped silicon with temperature. At 10 V input 
voltage, however, the cantilever resistance begins to decrease because the thermally 
generated intrinsic carriers outnumber the background doped carriers. This decreasing 
resistance is a characteristic of the thermal runaway behavior, which is typically observed 
in doped silicon devices [10]. To see any thermal effect on the cantilever due to its 
oscillation, the cantilever was characterized when it was in oscillation with the frequency 
of 69.5 kHz, and compared with the characterization result when the cantilever was 
steady: the two cases are nearly identical. Figure 4.3(b) shows more details of the effect 
of cantilever oscillation on the cantilever signal with the cantilever voltage spectrum 
measured with a spectrum analyzer. As shown in the inset of Fig. 4.3(b), there exists a 
peak in the cantilever voltage spectrum at the driving frequency, indicating that the 
cantilever voltage oscillates due to the mechanical oscillation of the cantilever. The peak 






Figure 4.3 The effect of mechanical oscillation of the cantilever on the cantilever thermal response. (a) The 
cantilever resistance curves as a function of the input voltage when it is suspended in steady and in 
oscillation. The cantilever resistance nonlinearly increases with the increase of the total input voltage. The 
DC cantilever thermal response is nearly the same for the case of cantilever oscillation held steady. (b) Due 
to the cantilever oscillation, the spectrum of the cantilever voltage shows a peak at the dithering frequency 
at 69.5 kHz. This peak is however less than 0.01 % of the total cantilever voltage. 
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attributed to the noise pickup from the piezo-actuator that is shaking the cantilever. As 
the input voltage increases, the peak value increases in a very similar manner to the DC 
cantilever voltage in Fig. 4.3(a), implying that the cantilever is thermally affected by the 
cantilever oscillation. However, this thermal effect of the cantilever oscillation can be 
ignored because the peak value is negligibly small compared to the DC cantilever 
voltage. 
Such a negligible oscillation effect on the cantilever thermal behavior can be 
explained with two reasons. The first reason is due to the fast cantilever oscillation with 
small amplitude. During the measurement, the oscillation frequency was 69.5 kHz, and 
the oscillation amplitude was 1.5 V in laser-deflection signal, or 495 nm from the 
invOLS. Even though the cantilever oscillation may agitate the surrounding air and thus 
change the heat transfer rate to the air, such a small and fast oscillation will not have 
much effect on the cantilever behavior. The second reason is because the cantilever 
oscillates much faster than its thermal time constant. The thermal time constant of the 
heated cantilever was measured to be around 300 µs, which corresponds to 3.3 kHz in 
frequency. This frequency is much lower than the oscillation frequency of the cantilever, 
suggesting that the cantilever does not have enough time to thermally respond to the 
disturbance resulting from the cantilever oscillation.  
Electrical characterization was performed when the cantilever was engaged to the 
substrate with different set points, SETV . When the cantilever is operated in tapping 
mode, the set point defines the oscillation amplitude of the cantilever: a larger set point 
provides larger oscillation amplitude. Figure 4.4(a) shows the cantilever resistance curves 





Figure 4.4 The effect of the substrate when approaching the heated cantilever to a silicon substrate. (a) As 
the cantilever approaches the substrate, more heat is transferred from the cantilever to the substrate. Thus, 
the DC characteristic curves shifts to the higher cantilever power. (b) The contour of the cantilever voltage 
as a function of the cantilever resistance and cantilever oscillation amplitude. The cantilever is fully 
engaged to the substrate when the cantilever amplitude decreases below 150 nm. From that point, the 
cantilever voltage does not change with further decrease of the oscillation amplitude. 
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substrate operation, the resistance curve shifts to the large cantilever power as the set 
point decreases. This shift is because more heat is transferred to the substrate as the 
cantilever-substrate gap is reduced. Finally, when the set point becomes 0.3 V, the 
resistance curve does not shift any more as the cantilever tip overcomes the air-damping 
and touches the substrate: true engagement occurs. Figure 4.4(b) shows the cantilever 
voltage change relative to that of the off-substrate characterization in Fig. 4.4(a), for 
various cantilever resistances and oscillation amplitudes. It should be noted that the 
cantilever oscillation amplitude is obtained from the set point and invOLS. From the 
horizontal profile in the top plot, it is clear that the cantilever voltage becomes saturated 
as the oscillation amplitude decreases below around 150 nm, or 0.4 V in set point. Thus, 
monitoring the cantilever voltage can provide the true engagement point without relying 
on the laser metrology. The vertical profile at the right plot shows the cantilever voltage 
as a function of the cantilever resistance for several fixed oscillation amplitudes. As 
expected, the cantilever voltage increases with increasing cantilever resistance, but the 
increasing trend is not linear.  
Once the heated cantilever is fully engaged to the substrate, the topographic 
image of the sample can be obtained by monitoring the z-direction piezo-scanner that 
moves to maintain a tapping amplitude, and also by monitoring the cantilever voltage, 
CV∆ , that varies due to the relative change of the cantilever-substrate gap. It should be 
noted that even though the cantilever tip taps the substrate in oscillation, the cantilever is 
in thermally steady state, not sensing the oscillation, due to its large thermal time 
constant. Thus, regardless of the operation mode, simply measuring CV∆  during raster 




































































Figure 4.5 (a) The laser-deflection based topography and (b) the thermally sensed topography of the 100nm 
high Si gratings under the tapping mode. The total input voltage was 9 V. The thermally-sensed topography 
was achieved by monitoring the cantilever voltage signal during scanning.  
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4.5(a) and (b) topographic image of the standard silicon gratings of 100 nm height. While 
in tapping mode with the set point of 0.3 V, the total input voltage was maintained with 9 
V that corresponded to the cantilever resistance of 2.07 kΩ  and the cantilever power of 
3.35 mW. Qualitatively, the thermally-sensed topographic image is almost the same as 
the laser-deflection based image except that the thermally-sensed topographic image has 
a little bit bigger noise, which will be discussed in the following paragraph. 
Quantitatively, the cantilever voltage changes from 4−  mV to 6 mV while the grating 
height changes from 40−  nm to 60 nm, yielding the sensitivity of 100 µV/nm when the 









where S  is the sensitivity, and z∆  is the vertical displacement of the cantilever tip. The 
estimated sensitivity of 100 µV/nm is at least one order of magnitude better than that of 
the piezoresistive cantilever [3, 11, 12]. Moreover, when compared to the thermal 
topographic imaging in contact mode [5], Fig. 4.5(b) does not have artificial peaks at the 
edge of the gratings that were observed in contact mode images. Through the experiment, 
we believe that these artificial peaks in contact mode are because the other part of the 
cantilever besides the tip undesirably touches the grating edge due to the contact force 
and corresponding deformation of the cantilever, and can be prevented in tapping mode 
operation.  
Since the thermally-sensed topography is based on the cantilever resistance 
change, the quality of topographic imaging depends on TCR of the cantilever. Figure 
4.6(a) shows the cantilever resistance and qualitative change of topographical images for 
different input voltages when the set point is 0.3 V. It should be noted that only 
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representative topographic images are shown in the figure although the experiment was 
performed at many input voltages. Apparently, the nonlinear TCR yields different images 
for the same gratings. At low power dissipation up to 2.5 mW (i.e., IN 8 VV = ), obtained 
images do not represent the true geometry as the TCR is not big enough for good 
topography. Good images can be obtained only when the slope is greater than 0.6 / WΩ µ , 
which is shown with the line in Fig. 4.6(a). Thus, there exists an optimum cantilever 
operation range for a good thermal topography: for the heated cantilever used in the 
present study, the operation range is C4 mW 6.5 mWP< < , or IN9.5 V 11.5 V.V< <  If 
the cantilever is operated above the thermal runaway point, its negative resistance slope 
gives rise to the inversed topography.  
For the evaluation of the thermally-topographic imaging methodology, Fig. 4.6(b) 
shows the sensitivity and resolution obtained from topographic images of 100 nm and 20 
nm tall gratings. As expressed in Eq. (4.1), The sensitivity is defined as the step change in 
cantilever voltage for 1 nm vertical displacement of the cantilever. The resolution means 
the smallest step change that could be measured in a given integration time, and thus can 
be calculated as the noise divided by the sensitivity [4]. In contact mode, the noise is the 
combination of thermal noise and Johnson noise under the assumption that there is no 
artifact in the signal.[3] However, the dominant noise in tapping mode comes from the 
peak at the tapping frequency, as shown in Fig. 4.3(b). To estimate the noise, power 
spectral density of the peak at the tapping frequency was measured with a spectrum 
analyzer when the cantilever was engaged to the substrate. At lower input voltages, poor 







Figure 4.6 The sensitivity and resolution of thermally-sensed topography. (a) The cantilever resistance 
curve when the cantilever is engaged with the set point of 0.3 V. For lower cantilever power, the 
topographic image is distorted due to the poor sensitivity. Good images can be obtained at the high TCR 
region. When the cantilever is operated over the thermal runaway point, the topographic image is inversed 
due to the negative TCR. (b) The estimated sensitivity and resolution of the thermal topography metrology 
are obtained by scanning two silicon gratings. The sensitivity can be as high as 200 µV/nm while the 
resolution is lower than 1 nm/Hz1/2.  
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voltage increases, however, the sensitivity becomes improved and finally saturated with 
around 200 µV/nm when the cantilever is operated above 10 V, which is consistent with 
the optimum operation range discussed earlier. This sensitivity curve shows a similar 
trend with the previous numerical study [4], except the simulated sensitivity has a sharp 
dip where the cantilever resistance becomes maximal. Comparison with Fig. 4.6(a) 
suggests that there should be a dip between 11 V and 12 V: it is technically not easy to 
observe the dip in experiment. The resolution also improves as the input voltage 
increases, realizing the sub nanometer resolution. However, the overall resolution is one 
order of magnitude worse than the simulation results performed in contact mode [4], as 
the peak noise at the tapping frequency is much larger than the thermally-induced 
intrinsic noises. 
The obtained experimental results reveal several important issues that should be 
considered when designing a heated cantilever as a tapping mode thermally-topographic 
imaging tool. The first issue is the cantilever heater size. As mentioned earlier, the 
thermal topography can be realized by the heat transfer to the substrate and its sensitive 
change with the vertical displacement of the cantilever. Provided that over 90 % of the 
cantilever power is dissipated in the heater [13], the heater size has a dominant effect on 
the topographic imaging. If a feature size to be scanned is larger than the heater, the 
thermally-sensed topography will not be possible because the heater-substrate will not 
change. The cantilever tip height should be also carefully designed and fabricated. If the 
tip is too high, the sensitivity would not be good [4]. However, if the cantilever tip height 
is too small, the cantilever-substrate heat transfer might enter the ballistic regime, in 
which the heat transfer rate is no more dependent upon the gap width [14]: topographic 
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imaging could not be thermally obtained. The third issue to be considered is the thermal 
time constant of the cantilever. The successful thermally-sensed topography in the 
present study is attributed to the fact that the thermal time constant of the cantilever is 
larger than the inverse of the resonance frequency. Otherwise, the cantilever voltage 
would oscillate following the mechanical oscillation during scanning, complicating the 
accurate topography in tapping mode. The last issue is the doping level of the heater 
region. Whilst the large input voltage enhances the sensitivity, it also drastically increases 
the heater temperature and may damage the sample that is vulnerable to heat. This 
undesirable heating can be prevented by lowering the doping level of the heater region, as 
the lower doping concentration yields higher resistance slope and thus enhances the 
sensitivity at lower temperature [4]. However, the resolution will become worse due to its 
high intrinsic noise. It should be noted that all the design parameters discussed here are 
strongly coupled together. Their crosstalk complicates the optimum design of the heated 
cantilever for a thermal topographic tool, and we suggest that this is an important future 
study.  
4.4 Conclusion 
This work demonstrates tapping mode thermally-sensed topography imaging with 
a heated microcantilever. The sensitivity is as high as 200 µV/nm and the resolution is as 
good as 0.5 nm/Hz1/2, which are comparable to or better than other approaches. By 
characterizing the cantilever with different set points, we showed that the full 
engagement point can be thermally determined without the aid of the optics. The 
thermally-sensed AFM can be completely realized from the engagement to the 
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topographic imaging without optical monitoring of the cantilever. The obtained results in 
the present study can be applied for the parallel deflection monitoring of cantilever arrays 
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CHAPTER 5  
HEAT TRANSFER BETWEEN A HEATED MICROCANTILEVER 
AND THE SUBSTRATE 
In this chapter, heat transfer from a heated microcantilever to the substrate and the 
resultant temperature distributions are investigated. To this end, a four-point probe 
platinum resistive thermometer having a 140 nm spatial resolution has been fabricated on 
the SiO2-coated silicon substrate. Estimated TCR of the thermometer is 0.0011 K-1, 
approximately one third of the bulk value. When the heated cantilever scans over the 
thermometer, up to 70 % of the cantilever power is transferred to the substrate through 
the air, heating up the substrate. The maximum substrate temperature rise measured with 
the thermometer is around 7 K. From the force-displacement experiment, the cantilever-
substrate effective contact conductance was estimated to be around 40 nW/K. The 
obtained results will help further understanding of thermal behavior of the heated 
cantilever during scanning and its effect on the substrate.  
5.1 Introduction 
As mentioned earlier in Chapter 1, applications of a heated microcantilever have 
diverged to a number of fields, such as data storage, nanolithography, nanoscale thermal 
analysis, and aforementioned thermally-sensed nanotopography. Since most of these 
applications make use of the thermal interaction between the heated cantilever and 
substrate, heat transfer between them should be well understood to further improve the 
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heated cantilever-based technology. Previously, many efforts have been made to 
understand the thermal, electrical, and mechanical behaviors of the heated cantilever in 
various operation conditions [1,2] and environments [3,4]. However, these studies have 
been limited to only the cantilever itself without taking into account the presence of the 
substrate. Even though some studies have investigated the heat transfer between the 
cantilever and substrate to improve the cantilever design for thermomechanical data 
storage [5] or nanotopography [6,7], no experimental investigation on the cantilever-to-
substrate heat transfer has been reported.  
Thermal energy transport at the very small length scale has been intensively 
studied along with the progress of the scanning thermal microscopy (SThM) [8]. SThM 
has realized nanoscale thermal metrology, for which microcantilevers having a 
temperature-sensitive tip have been developed and used in an AFM platform [9-11]. With 
a help of SThM, remarkable progress has been made on understanding complicated heat 
transfer at nanoscale contact and elucidating predominant heat transfer mechanisms and 
their thermal conductances [9,12-14]. However, accumulated knowledge from SThM 
cannot be directly applied to the heated cantilever-to-substrate heat transfer for several 
reasons. Compared to SThM microcantilevers, the most apparent difference is the 
presence of a relatively large heater, i.e., 8 µm ×  16 µm. Thus, substantial amount of heat 
will be transferred from the heater to the substrate via air conduction [6]. Moreover, the 
heated cantilever is typically operated at high heater temperatures up to 1,000 K, which 
will significantly alter the involved heat transfer mechanisms. Thus, experimental 
investigation of the heat transfer between the heated cantilever and the substrate should 
be performed.  
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The objective of this work is to elucidate the heat transfer between the heated 
cantilever and the substrate. To this end, an on-substrate resistive thermometer having a 
sub-micron spatial resolution was fabricated. Section 5.2 describes the fabrication 
procedure of the thermometer, along with the detailed explanation of the experimental 
procedure. In Section 5.3, a semi-analytical modeling for the substrate temperature 
distribution is explained. Experimental results and the comparison with the calculation 
comprise the next section, which provides a detailed discussion of heat transfer from the 
cantilever to the substrate and the resultant temperature changes.  
5.2 Experiment 
In order to measure the substrate temperature, a thermometer that has a sub-
micron spatial resolution should be fabricated. Recently, a gold/nickel thin film 
thermocouple with a sub-micron junction size has been fabricated to measure the 
substrate temperature rise due to electron-beam resist heating [15,16]. Although a 
thermocouple can achieve a very small spatial resolution, low sensitivity is a serious 
drawback of the thermocouple measurement. For example, the Seebeck coefficient of the 
thermocouple in Ref. [16] is only 6 to 7 µV/nm with around 10 % uncertainty: it will be 
very challenging to measure the temperature increase less than 10 K. Another 
disadvantage is the difficulty of the characterization. To the contrary, a resistive 
thermometer provides relatively high sensitivity and easiness of the characterization. 
Despite the sacrifice of the spatial resolution, the use of a resistive thermometer will thus 
mitigate practical difficulties in substrate temperature measurement.  
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In the present experiment, a thin-film platinum thermometer having a sub-micron 
sensing probe was fabricated. After growth of a 1 µm SiO2 layer on a Si substrate of 500 
µm thickness, platinum was e-beam evaporation deposited to make a thermometer pattern 
having the thickness of around 35 nm. A 5 nm alumina (Al2O3) layer was then deposited 
to electrically insulate the thermometer. A sub-micron sized thermometer probe was 
fabricated with a focused ion beam (FIB) milling process. Figure 5.1(a) shows a SEM 
image of the fabricated thermometer. The thermometer has a four wire configuration, 
with which the electrical resistance of the sensing probe can be measured with high 
accuracy. The width of each lead is 20 µm. Figure 5.1(b) and (c) also show SEM images 
of the sensing probe that are magnified from the top images. The length of the sensing 
probe is 29 µm, and the width is approximately 140 nm. Due to its negligibly small 
thermal resistance compared to the substrate and environment, the thermometer will not 
disturb the substrate temperature.  
The experiment was performed in a commercial AFM platform (Asylum MFP-
3D). The heated cantilever used in the experiment looks almost the same as that in Fig. 
2.1(a), except its shorter leg length, i.e., 85 µm, and wider thermal constriction, i.e., 6.5 
µm. Figure 5.2(a) illustrates the schematic diagram of the experimental setup. The AFM 
operation mode was chosen as tapping mode, or ac mode, since the thermometer is easily 
damaged by the contact force of the cantilever tip. While the cantilever scanned the 
thermometer sample in tapping mode, the AFM provided a topographical image of the 
sample from the optical signal from a position-sensitive photodiode detector (PSD). At 
the same time, the cantilever voltage was monitored. The mechanical resonance 









Figure 5.1 SEM image of the fabricated nanoscale platinum thermometer. (a) whole area of the 
thermometer sensing probe. Four legs denote the electrical leads: the electrical current flows through the 
outer two legs while the voltage drop across the inner legs is measured. (b) Magnified image of the 
rectangular mark of (a). The sensing probe length is measured to be 29 µm. (c) Magnified image of the 
rectangular mark of (b). The sensing probe width is measured to be 140 nm.  
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is much faster than its thermal time constant of around 300 µs. Thus, even in tapping 
mode, the cantilever voltage is steady [17] and can be easily measured without any 
frequency-domain instrumentation. The thermometer voltage was also simultaneously 
measured during the scanning, providing the thermometer resistance change. For the 
simultaneous measurement of the three signals, we used a multichannel analog-to-digital 
converter (ADC) embedded in the AFM controller that has a 16-bit resolution and input 
voltage range from -10 to 10 V. 
Both the cantilever and thermometer signal were measured in bridge circuits to 
remove the DC-offset signals, which are approximately 1,000 times larger than the 
relative signal change. By removing the DC-offset, much higher resolution can be 
obtained in the measurement. Figure 5.2(b) illustrates the bridge circuits used in the 
experiment. The cantilever was operated in the Wheatstone bridge, in which the voltage 
of the cantilever was measured from the voltage difference between A and B, i.e., 
∆ = −C B AV V V . In order to simplify the post-analysis of the experimental results, total 
input voltage INV  was feedback-controlled to maintain the cantilever resistance with a set 
value. A PCI-6052 data acquisition (DAQ) system was used to measure the voltage drops 
across the cantilever and the sense resistor while a Labview software was used to control 
INV . The data sampling rate was set to 2 kilosamples per second, considering the DAQ 
and computing speed in real-time control. The thermometer bridge circuit was modified 
from the Wheatstone bridge to be compatible with its four wire configuration. The 
voltage change of the sensing probe can be expressed from the voltage difference 
between C and D as 1.94( )∆ = −TH C DV V V  after the lead resistances are compensated. 





Figure 5.2 (a) The experimental setup in an AFM platform. While the cantilever scans the thermometer, the 
AFM controller simultaneously measures the thermometer topography, the cantilever voltage change, and 
the thermometer resistance change. (b) The use of bridge circuits enhances the measurement sensitivity by 
canceling out the large DC-offset.  The cantilever voltage change can be obtained with C B AV V V∆ = − , 
whilst the thermometer voltage change can be obtained by TH C D1.94( )V V V∆ = − . 
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2 2( / )∆ = ∆TH TH P PR V R V , where 2PR  is the potentiometer resistance and 2PV  is the 
voltage drop across the potentiometer. In the experiment, 1 kΩ and 5.16 kΩ resistors with 
1 % tolerance were used for the cantilever and thermometer bridge circuits, respectively. 
In order to further enhance the ADC resolution of the thermometer voltage measurement, 
a differential amplifier was employed with 100×  gain. 
5.3 Numerical Modeling 
The coupling between the thermal and electrical responses of the heated 
cantilever and thermometer complicates the analysis of the experimental results, which 
can be substantially relieved by the appropriate numerical modeling. Previously, the 
thermal and electrical behaviors of the heated cantilever have been numerically studied 
when it is under the steady heating [1,3,18] and periodic heating [2]. However, all of 
them considered the heated cantilever only, assuming no thermal interaction with the 
substrate. Although some works included the heat transfer from the heated cantilever to 
the substrate [7,19], the assumption that the substrate maintains at room temperature has 
prevented further insight into the heat transfer to the substrate.  
This section describes the calculation of the temperature distribution along the 
cantilever as well as the substrate when the cantilever is placed above the substrate with a 
small gap, as illustrated in Fig. 5.3. As for the cantilever, the present analysis adopts a 
steady one-dimensional (1-D) heat conduction model. The thermal resistance across the 
cantilever thickness and width is very small compared to that along or from the 




Figure 5.3 The schematic diagram of the cantilever and the substrate in the calculation. The cantilever-
substrate gap is assumed to be in parallel, through which gQ  is transferred to the substrate. Temperature 
distributions of both the cantilever and the substrate are iteratively calculated until the calculation matches 
with the measurement. 
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where s  is the axis along the cantilever, Ck  is the thermal conductivity, CA  the cross 
sectional area, g′′′  the volume density of heat generation, aσ  and gσ  respectively the 
thermal conductance to the surrounding air and to the substrate, ∞T  the surrounding 
temperature, and ST  the substrate temperature. Due to the symmetry, only half of the 
cantilever was modeled with the adiabatic boundary condition at the free end. The 
opposite end was assumed to be fixed with the room temperature as the silicon base can 
be taken as a heat sink. aσ  was calculated from the heat transfer coefficient using 
( 2 )a ah wσ = + δ , where w  is the cantilever width and δ  is the cantilever thickness. The 
estimated heat transfer coefficient can be up to around 5,000 W/m2K, depending on 
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temperature [2]. Since the cantilever-substrate gap is in the transition regime between the 







⎛ ⎞σ = +⎜ ⎟Λ Λ⎝ ⎠
 (5.2) 
where k  is the effective thermal conductivity of a continuum gas bounded by parallel 
surfaces, Λ  is the mean free path of air, C  is the coefficient on the order of 1 that is 
estimated from rarefied gas dynamics for free molecular flow. The near-field thermal 
radiation was not considered here because the heat transfer rate due to the near-field 
radiation is less than 1 % of the air conduction at the cantilever-substrate gap in concern, 
i.e., around 1µm [21]. It should be noted that all the variables in Eq. (5.1) are position-
dependent, necessitating a finite-difference numerical method for its calculation.  
Computing the substrate temperature distribution is complicated because of its 
three-dimensional feature and the heat transfer from the “U” shaped cantilever. The best 
way to deal with these geometric complications might be the use of a finite-element 
numerical method. However, this method is computationally expensive, particularly 
when the iteration is involved in the calculation. The present analysis adopts a semi-
analytical approach using a Green’s function, 
 ,( , , ) ( , , | ', ', 0) ' '
i
g i
b i i i i
bi A
q
T x y z T G x y z x y dx dy
k∞
′′
= + ∑ ∫∫  (5.3) 
Here, the index i  denotes each node of the cantilever in the finite-difference scheme, bk  
is the thermal conductivity of the substrate, , ( ) /g i g C S iq T T A
⎡ ⎤′′ = σ −⎣ ⎦  where ST  is the 
substrate surface temperature and iA  are respectively the heat flux and heat transfer area 
from the cantilever to the substrate at the i-th node, and G  is a Green’s function that 
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represents the heat transfer from point sources at ( ', ',0)i ix y  and ( ', ',0)− i ix y  to a semi-
infinite medium [22]: two point sources are embedded due to the adiabatic condition at 
0=x . The total thermometer sample size is 1 cm×1 cm×500 µm, big enough for a semi-
infinite approximation. The calculated temperature rise at 500=z  µm is only around 
0.02 K in the maximum heat transfer case, validating the semi-infinite assumption. The 
presence of 1 µm SiO2 film was considered in the calculation, assuming that the film is 
thin enough to allow the 1-D approximation: only the area under the cantilever has the 
temperature increase due to the film, yielding 
 ( , ) ( , ,0) fS b g
f
d
T x y T x y q
k
′′= +  (5.4) 
where fd  is the film thickness and fk  is the thermal conductivity of the film. From the 
temperature distribution of the substrate, the mean temperature that the thermometer 
measures can be calculated with the following equation: 
 1 ( , )= ∫TH SLT T x y dlL  (5.5) 
where L  is the length of the thermometer and dl  is either dx  or dy  depending on the 
thermometer direction. Even though Eq. (5.4) ignores the in-plane heat spread along the 
film and thus overestimates of the substrate temperature under the cantilever and 
underestimates the temperature elsewhere, the integration in Eq. (5.5) will compensate 




5.4 Results and Discussion 
The heated cantilever was first electrically and thermally characterized when the 
cantilever is off the substrate and on the substrate. It should be noted that the cantilever 
was not controlled for the characterization: the potentiometer was set to zero, and ∆ CV  
was measured to obtain the voltage drop across the cantilever. Figure 5.4(a) shows the 
cantilever resistance as a function of the cantilever heater temperature measured with a 
Raman spectroscope. TCR of the cantilever is nonlinear and even becomes negative at 
900=HT  K. This negative TCR occurs because, with increasing temperature, thermally 
generated intrinsic carriers eventually outnumber the fixed number of doping carriers 
[18]. In Fig. 5.4(b), the cantilever resistance is plotted against the cantilever power 
dissipation. Compared to when the cantilever is off the substrate, the on-substrate case 
shifts the resistance curves to the larger power dissipation up to 10 mW, indicating that 
heat transfer to the substrate becomes an important heat transfer mechanism.   
Solid curves in Fig. 5.4(b) represent the calculation results. The calculation was 
performed based on the measured cantilever resistance-temperature relation in Fig. 
5.4(a), under the assumption that 90% of the cantilever power is dissipated in the heater 
region. For the off-substrate calculation, the cantilever thickness was used as a fitting 
parameter. As shown in Fig. 5.4(b), the agreement between the calculation and the 
measurement for the off-substrate case is excellent within 0.5 % relative standard error. 
The estimated cantilever thickness is 745 nm, which is a little smaller than the designed 
thickness. However, the estimated thickness is a reasonable value when considering a 
rather large uncertainty in the etching procedure [1]. When the cantilever is on the 






Figure 5.4 The characteristics of the heated cantilever when it is off the substrate and on the subsrate. (a) 
The cantilever resistance is related with the cantilever heater temperature, which was measured with a 
micro-Raman spectroscope. (b) The cantilever DC characteristic curves are compared for the off-substrate 
and on-substrate cases. When the cantilever is engaged on the substrate, more heat is transferred from the 
cantilever to the susbstrate, moving the characteristic curve to the larger cantilever power. (c) The 
calculation reveals that up to 70 % of the cantilever power is transferred to the substrate, making a 
dominant heat transfer mechanism.  
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calculated to take into account the thermal interaction between the cantilever and 
substrate. Temperature distribution along the cantilever and that of the substrate right 
below the cantilever were iteratively calculated until heat flow to the substrate converges 
within 0.1 %. By using the cantilever-substrate gap as a fitting parameter, the calculation 
of the cantilever resistance was compared with the measurements in Fig. 5.4(b), which 
shows a good agreement within 1.0 % relative standard error. The estimated cantilever-
substrate gap is 1.4 µm. It should be noted that this gap does not represent a true 
cantilever-substrate gap, or the true cantilever tip height, as in the calculation the 
cantilever was assumed to be in parallel with the substrate. In fact, the cantilever is tilted 
by 11° to the substrate, substantially changing the cantilever-substrate gap: for example, 
opposite edges of the cantilever heater, i.e., 8 µm in width, makes 1.5 µm height 
difference, which is already comparable to the estimated effective gap. 
Figure 5.4(c) shows measured and calculated cantilever power dissipation as a 
function of the total input voltage, together with the calculated heat transfer rate to the air 
as well as to the substrate. The calculation and measurement are in nearly perfect 
agreement. As clearly shown in the inset, the heat transfer to the substrate gQ  is a 
dominant heat transfer mechanism, being responsible for up to 70 % of the cantilever 
power dissipation. The heat transfer to the air aQ  takes around 10 to 15 %, depending on 
the input voltage. The heat transfer rate along the cantilever leg occupies around 35 % of 
the power dissipation when the input voltage is small, but decreases down to 15 % at the 
maximum input voltage. This decrease of the leg conduction may be attributed to the 
decreasing thermal conductivity with temperature.  
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Before characterizing the thermometer, operation condition and electrical 
transport properties of the thermometer were first examined. During the experiment, the 
driving current INI  was set to 0.2 mA, providing the base thermometer resistance of 3.58 
kΩ. The power dissipation was 70.3 µW, from which the temperature rise is estimated 
less than 0.03 K. The resistivity of the thermometer can be estimated from the measured 
resistance and the sensing probe geometry, 35 nm ×  140 nm in cross sectional area and 
29 µm in length. The estimated resistivity is 55.63 10−×  Ω-cm, around five times larger 
than the bulk resistivity of platinum, 51.06 10−×  Ω-cm. Previous study on platinum 
nanowires [23] revealed that the resistivity of an electrodeposited 70-nm-diameter Pt 
nanowire is three times of the bulk resistivity, indicating that the estimated thermometer 
resistivity is reasonable. We believe that besides the size effect, rough boundaries formed 
during the FIB-milling process also contribute to the increase of boundary scattering, 
giving rise to the large thermometer resistivity: see Fig. 5.1(c). 
The thermometer was characterized by placing the heated cantilever on the 
thermometer with two different directions. Figure 5.5(a) shows the increasing 
thermometer resistances as the cantilever power increases. As expected, the thermometer 
resistance increases more steeply when the cantilever is aligned in parallel with the 
thermometer sensing probe than when the cantilever is aligned perpendicular; That is, 
more area of the thermometer is covered by the cantilever in the former case. In order to 
estimate TCR of the thermometer, Fig. 5.5(b) compares the measured thermometer 
resistance with the calculated thermometer temperature with Eq. (5.5). TCR is estimated 
as 0.0011 K-1 for the parallel alignment and 0.0012 K-1 for the perpendicular alignment, 







Figure 5.5 The characteristics of the thermometer. (a) The thermometer resistance change is linearly 
proportional to the cantilever power. The slope difference between parallel and perpendicular alignments is 
attributed to the effective heat transfer area. (b) By comparison of the measurement and the calculation,  
TCR of the thermometer is estimated to be between 0.0011 K-1 and 0.0012 K-1. 
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TCR of platinum has been reported by several research groups. Marzi et al. [23] 
estimated 0.0014 K-1 as the TCR of an electrodeposited platinum nanowire of 70 nm 
diameter, and Zhang et al. [24] measured the TCR of a polycrystalline platinum nanofilm 
of 62 nm thickness to be 0.0013 K-1. When comparing with these values and considering 
rather large uncertainties related with the nanoscale measurement, obtained thermometer 
TCR values can be taken as a reasonable value. In fact, the TCR of a nanofabricated 
platinum structure may depend on the characteristic length as well as on the fabrication 
method. The difference of the thermometer TCR for the two alignments may be attributed 
to the misalignment of the cantilever. Particularly in the perpendicular case, oblique 
alignment of the cantilever will cover a relatively larger area of the sensing probe and 
thus yield a bigger TCR than what would be obtained under the perfect alignment. 
The determined thermometer TCR allows the measurement of the temperature 
distribution of the substrate while the heated cantilever raster scans over the thermometer. 
Figure 5.6(a) is the topographic image formed around the thermometer sensing probe, 
which was obtained in tapping mode. The thermometer is associated with the sharp peak 
in the middle. Around the peak has a trench of 60 nm in depth, indicating that the FIB 
overetched the sample. In fact, the overetching is unavoidable to guarantee the complete 
removal of the platinum residue and its adverse effect on the thermometer measurement. 
The platinum strip to the left was for another purpose and not used in the current 
experiment. Figure 5.6(b) shows the cantilever voltage change during the scanning while 
the cantilever resistance is maintained at 1.75 kΩ. The cantilever voltage image is inverse 
to the topographic image, because more power is needed as the cantilever moves closer to 








Figure 5.6 AFM images when the cantilever controlled with 1.75 kΩ resistance scans over the thermometer 
in parallel and perpendicular directions: (a) The topography image of the thermometer sensing probe, (b) 
cantilever voltage image, (c) thermometer resistance image in parallel scanning, and (d) thermometer 
resistance image in perpendicular scanning. The calculation results of the thermometer resistance are 
shown together in (c) and (d). 
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µV/nm, which is similar to the results in Chapter 4. However, when compared to Chapter 
4 that did not use the feedback control, Fig. 5.6(b) has significant noises. The reason may 
be found from the data sampling rate and its relation with the thermal time constant. Due 
to the limited computation speed of the real-time control using Labview, the sampling 
rate was set to 2 kilosamples per second, leaving 500 µs interval between adjacent data 
points. This interval is comparable to the thermal time constant of the cantilever and thus 
cannot perfectly control the cantilever resistance; In future, a more sophisticated and 
faster control can be anticipated for better results.  
Thermometer signals are imaged in Figs. 5.6(c) and (d), which respectively 
represent the parallel scanning and perpendicular scanning cases. The scanning speed was 
set to 0.5 Hz for 35 µm scanning with 256 point-measurement, taking around 3 ms for the 
cantilever to move to the adjacent point being 137 nm apart. If the substrate is assumed as 
a semi-infinite system with a point heat source, the approximated thermal time constant 
of the substrate over the scanned range is around 10 µs, indicating that the scanning 
speed is slow enough to satisfy the steady state condition. When the cantilever 
approaches the thermometer in parallel as in Fig. 5.6(c), the thermometer signal gradually 
increases, having a maximum value when the middle of the cantilever heater passes 
through the sensing probe. The maximum resistance increase is around 18 Ω, or 4.7 K 
temperature increase. Although the cantilever heater maintains its temperature of around 
670 K and provides 4.8 mW to the substrate, a small substrate temperature increase is 
observed because the heat spreads out through the silicon substrate due to its large 
thermal conductivity. After the cantilever passes the thermometer, the thermometer signal 
gradually decreases and maintains a small resistance. Heat transfer from the cantilever 
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leg affects the substrate temperature, resulting in the asymmetric shape of the 
thermometer resistance curve. For comparison, the calculated thermometer resistance is 
shown together in Fig. 5.6(c). As expected, the calculation has a very steep change in 
temperature distribution, as the current model used 1-D approximation for the film. 
Nevertheless, the calculation predicts the maximum thermometer resistance quite well. 
Moreover, the calculation also shows the asymmetric shape due to the heat transfer from 
the leg region. Figure 5.6(d) shows the thermometer resistance image when the cantilever 
is in perpendicular alignment with the sensing probe. It should be noted that the scanned 
range was increased to 40 µm to observe the tails of the resistance curve. Compared to 
Fig. 5.6(c), the thermometer resistance profile becomes more flat because the 
thermometer is exposed to the cantilever heater longer than the parallel case. However, 
the thermometer area covered by the cantilever heater is only around half of the parallel 
scanning experiment, resulting in smaller resistance increase; around half of the 
resistance increase in Fig. 5.6(c). The calculation result is nearly the same as the 
measurements, confirming the flat profile along the cantilever heater length.  
Figure 5.7 shows single-line scanned cantilever and thermometer voltage profiles 
while changing the controlled cantilever resistances from 1.0 kΩ to 2.0 kΩ. The 
measurement was performed 128 times on the same scan line, and only the averaged 
curves are plotted. Figure 5.7(a) shows the cantilever voltage curves. It should be noted 
that DC-offsets were ignored in the figure to plot different cases together. As the 
cantilever is operated with higher resistances, the cantilever voltage change becomes 
more prominent because the TCR of the cantilever is larger at the higher cantilever 






Figure 5.7 Single-line scanned cantilever and thermometer signal profiles when the cantilever resistance is 
controlled with different values. As the cantilever resistance increases, more heat is transferred from the 
cantilever and substrate, resulting in (a) increase of CV∆ , (b) increase of THR∆  for parallel scanning, and 
(c) increase of THR∆  for perpendicular scanning.  
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µV/nm. Figure 5.7(b) has the thermometer resistance curves for the parallel scanning. 
The uncertainty is estimated to be around ± 0.4 Ω regardless of the cantilever resistances, 
which is largely due to the fluctuations of the cantilever voltage shown in Fig. 5.6(b). The 
small dips near the resistance maxima are attributed to the increasing cantilever-substrate 
gap when the cantilever tip passes through the thermometer sensing probe that is higher 
than the trench ground by around 95 nm. A dip depth for 2.0=CR  kΩ is around 1.0 Ω, 
corresponding to 0.25 K temperature decrease. The magnitude of this temperature 
decrease suggests that even though the nanoscale heat transfer near the tip may be 
important for local heating of the substrate [5], the air gap is a dominant factor in the 
cantilever-to-substrate heat transfer. The uneven topography of our thermometer prevents 
the measurement of the possible temperature rise due to the heat transfer near the tip. 
This localized temperature rise could be measured only with a thermometer that has a 
spatial resolution comparable to the tip radius, a milli-Kelvin temperature resolution, and 
a flat profile to decouple the gap-changing effect from the measurement. The dip position 
is a little off the summit, indicating that the tip is not located at the center of the heater. 
The perpendicular scanning results are shown in Fig. 5.7(c), with the uncertainty 
of around ± 0.2 Ω. As already observed in Fig. 5.6(d), there exists a flat region 
corresponding to the heater length. The resistance curves experience a small jump around 
the middle, which is associated with the presence of the trench. The thermometer senses 
the increased heat transfer when the cantilever tip falls into the trench. Another 
interesting feature is that the curves are asymmetric: there is a small side peak at the left. 
Since the side peak position coincides with the thermal constriction region, the side peak 
may result from the asymmetric fabrication of the constriction regions. Another 
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possibility is that a hot spot may exist only at one boundary of the heater. Recent study on 
an IBM Millipede heated cantilever revealed that a hot spot switches its position from 
one boundary of the heater to the other when the electrical current direction is reversed, 
which may be due to the Peltier thermoelectric effect [25]. More study should be 
followed to clarify the origin of the asymmetry in the thermometer resistance.  
To observe the heat transfer rate varying with a different cantilever-substrate gap, 
the cantilever deflection, cantilever voltage, and thermometer resistance were 
simultaneously recorded while the heated cantilever approached and then retracted from 
the thermometer probe aligned in parallel with the cantilever. Figure 5.8(a) shows the 
cantilever deflection for different cantilever resistances. As in Fig. 5.7(a), the original 
data were modified to plot all the cases in one figure: only the relative change will be 
meaningful. When the cantilever approaches the substrate with 1.0=CR  kΩ, the 
cantilever deflection signal remains nearly unchanged until the cantilever contacts the 
thermometer. The cantilever then “jumps” to contact with the thermometer due to the 
attractive force between the tip and thermometer. This attractive force is also responsible 
for the “snapping” out of contact when the cantilever retracts from the thermometer. 
Since the cantilever tip temperature is close to room temperature when 1.0=CR  kΩ, the 
attractive force in this case most likely originates from the capillary effect of the water 
film formed between the cantilever tip and thermometer [12,13]. When the higher 
cantilever resistance is large (e.g., 2.0=CR  kΩ), the cantilever deflection changes 
during the approach and retract, suggesting that another type of attractive force is 
involved. In fact, high cantilever heater temperature at 2.0=CR  kΩ evaporates the water 











Figure 5.8 The force-displacement experiment results when the cantilever is aligned with the 
nanothermometer in parallel and controlled with the cantilever resistance. (a) The deflection signal shows 
that as the cantilever resistance is higher, the cantilever is bended down due to electrostatic and thermal 
forces. (b) The cantilever voltage increases as the cantilever approaches the substrate to maintain the 
temperature. (c) As a result, the thermometer resistance increases as the cantilever approaches the substrate. 
(d) Interestingly, there is jump on the cantilever and thermometer signals when the cantilever contacts the 




resistances is the combination of the electrostatic force and thermal force [26]. 
Figures 5.8(b) and (c) respectively show the cantilever voltage and thermometer 
resistance changes. When the cantilever approaches, both the cantilever and thermometer 
signals increase because more heat is transferred to the substrate due to decreasing 
cantilever-substrate gap. After contact, however, the air gap does not change any more, 
and both signals remain constant. Interesting results can be observed at the moment of 
contact and out of contact, which can be more clearly observed in Fig. 5.8(d). At the very 
moment when the cantilever of 2.0=CR  kΩ contacts the thermometer, the thermometer 
signal jumps up by around 1.2 Ω, which corresponds to 0.3 K temperature increase. The 
cantilever voltage change is around 6 mV while the vertical displacement changes around 
6 nm. When considering the measured sensitivity of the cantilever voltage signal, i.e., 
200 µV/nm at 2.0CR =  kΩ, the cantilever snap-in and resultant change of its vertical 
displacement would correspond to only a 1.2 mV jump in the cantilever voltage. Thus, 
these stepwise changes of cantilever and thermometer signals may be mainly attributed to 
the cantilever contact with the thermometer. The effective contact conductance can be 
estimated, yielding around 40Cσ =  nW/K. The estimated contact conductance is close to 
what was suggested by previous work [9,13,27]: they estimated the solid-solid contact 
conductance to be between 10 and 100 nW/K. The estimated contact thermal 
conductance may include other thermal resistances such as tip resistance and spread 
resistance in the substrate [27]. It should be noted that the estimated gap conductance 
from the cantilever heater is around 13.3 µW/K at 2.0=CR  kΩ, which is still two orders 




This study elucidates the heat transfer between the heated microcantilever and the 
substrate by measuring the substrate temperature rise. To this end, a platinum resistive 
thermometer whose spatial resolution is around 140 nm in lateral direction has been 
fabricated on the 1 µm SiO2-coated silicon substrate. TCR of the thermometer is 
estimated to be 0.0011 K-1, approximately one third of the bulk value. In an AFM 
platform, the heated cantilever scanned over the thermometer with various cantilever 
resistances in control, simultaneously providing the topography of the thermometer, 
cantilever voltage change, and the thermometer resistance change. When the cantilever 
scans in parallel direction with the thermometer sensing probe, up to 70 % of the 
cantilever power is transferred to the substrate to increase the substrate temperature by 
around 7 K. From the force-displacement experiment, the effective contact conductance 
was estimated to be around 40 nW/K, which is much smaller than the air gap 
conductance, indicating that the air conduction through the gap is a dominant heat 
transfer mechanism. The obtained results will facilitate further understanding on the 
thermal behavior of the heated cantilever during the scanning and its thermal effect on the 
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CHAPTER 6   
STUDY OF THE SURFACE AND BULK POLARITONS WITH A 
NEGATIVE INDEX METAMATERIAL  
Previous chapters so far have focused on the applications of a heated 
microcantilever, particularly its feasibility as a thermal metrology tool, which mainly 
utilizes thermal conduction at the micro/nanometer scale. From this chapter, a focus 
moves to thermal radiation at the extremely small length-scale, so-called near-field 
thermal radiation, and its promising application to sustainable energy conversion. To 
better understand the near-field effect on the thermal radiation, this chapter focuses on 
surface and bulk polaritons in a multilayer structure and their impact towards the 
radiative properties, especially the reflectance. Particularly, a three-layer structure where 
a negative index metamaterial (NIM) sandwiched between different dielectric layers is 
investigated. A Regime map is developed to describe the polariton dispersion relations 
and to help understand the effect of the NIM layer thickness on the polariton resonance 
frequencies. For an NIM layer, the dispersion curves of a surface polariton and a bulk 
polariton are smoothly connected, suggesting that a surface mode can be converted into a 
bulk mode, and vice versa. In an attenuated total reflection (ATR) configuration, the gap 
between the prism and the NIM layer has a strong influence on the location and 
magnitude of the reflectance minimum. Furthermore, surface polaritons may exist at a 
single boundary and enhance the energy transmission via photon tunneling. These results 
demonstrate that surface and bulk polaritons significantly affect the radiative properties 
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in a layered structure, and an NIM is a good candidate to effectively “tune” the thermal 
radiation between objects.  
6.1 Introduction 
A polariton is an elementary excitation that occurs when a plasmon or a phonon is 
resonantly coupled with the incident electromagnetic (EM) wave [1]. A surface polariton 
(also known as a surface wave) is associated with the EM waves that propagate along the 
interface and decay exponentially into both media. The excitation of surface polaritons 
causes a resonance transfer of the photon energy to a surface wave and is manifested in 
an attenuated total reflectance (ATR) configuration as a sharp drop in the reflectance. 
This strong coupling of energy is a unique characteristic of polaritons and has been 
intensively studied for various applications, such as high-speed electro-optic modulators 
[2], terahertz quantum-cascade lasers [3], and near-field microscopes [4,5]. Besides the 
optical applications, surface polaritons also play an important role in radiative heat 
transfer [6]. In fact, many applications using surface polaritons have been proposed: for 
example,  wavelength-selective thermal emitter [7], spectrally and directionally coherent 
thermal emission source [8,9], and near-field thermophotovoltaics [10,11].  A surface 
polariton can occur only when either the electric permittivities (for p-polarization or TM 
wave) or the magnetic permeabilities (for s-polarization or TE wave) of the two adjacent 
media have opposite signs.  
Recent advances in materials research have made it possible to synthesize a 
metamaterial that exhibits simultaneously negative permittivity and permeability in the 
microwave region [12, 13], resulting in a negative index of refraction. The so-called 
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negative index material (NIM), or the left-handed material, has generated tremendous 
interest because NIMs introduced some counterintuitive phenomena such as negative 
refraction, focusing light by a flat slab, and the amplification of evanescent waves [14-
21]. Pendry [19] showed that an evanescent wave could be amplified by an NIM layer 
and went further to hypothesize that an NIM slab could make a perfect lens, whose 
resolution is not diffraction limited. Zhang and Fu [20,21] predicted that the growing 
evanescent wave in the presence of an NIM layer could enhance the photon tunneling and 
energy transmission through a multilayer structure. In essence, the amplification of 
evanescent waves in the above-mentioned applications is attributed to the excitation of 
surface polaritons. 
Ruppin [22] first noted that surface polaritons could be excited not only for p-
polarization but also for s-polarization at the interface between an NIM and a dielectric, 
by utilizing its property of negative permittivity and negative permeability. Generally 
speaking, there are three polariton dispersion curves: two for p-polarization and one for s-
polarization. Darmanyan et al. [23] provided a detailed investigation on the frequency 
domain of existence for surface polaritons between an NIM and a conventional material. 
As pointed out by Ruppin in another publication [24], when the thickness of the NIM 
medium is finite, the polariton dispersion curves split into four branches for p-
polarization and two branches for s-polarization. However, his study dealt only with the 
symmetric case, in which both sides of the NIM layer are made of the same material, and 
paid little attention to bulk polaritons, which are standing EM waves inside a thin slab 




A thorough understanding of the polariton phenomena in an NIM layer is required 
to facilitate its applications in imaging optics and energy conversion. In the present work, 
both surface and bulk polaritons are investigated for an NIM layer sandwiched between 
dissimilar dielectrics for p- and s-polarizations. The optical properties are calculated in an 
ATR setup, as illustrated in Fig. 6.1, where radiation is incident from a prism through a 
vacuum gap onto a planer NIM layer, located above a semi-infinite dielectric medium. 
The effects of NIM layer thickness and the vacuum gap width on the behavior of 
polaritons are examined. The result is presented in generalized dimensionless forms, 
making it useful not only in the microwave region but also in other frequency regions if 
suitable NIMs can be realized someday. 
 
 
Figure 6.1 The geometry of attenuated total reflection (ATR) configuration used for the calculation of 




6.2 Polariton Dispersion Relation 
The polariton dispersion relations (or criteria) for a slab of thickness d between 
two semi-infinite media, as shown in Fig. 6.2, can be derived following the same 
procedure as in the work of Ruppin [24]. It is assumed here that each medium is isotropic 
and can be characterized by a relative permittivity ε and a relative permeability µ, which 
generally depend on the frequency. For s-polarization, the time harmonic electric field 
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where 1j = − , ŷ  is the unit vector in the y-direction; coefficients A, B, C, and D  are 
determined by the boundary conditions; xk  is the tangential wavevector component, 
which is identical in all media to satisfy the phase-matching requirement; and  
 
 




 ( 1,2,3)i iβ =  is related to the normal wavevector component ,z ik  by ,i z ijkβ = − . An 
evanescent wave in the i-th medium is characterized by a purely imaginary ,z ik  or a 
purely real (positive) iβ . For surface polaritons to occur at both boundaries, evanescent 
waves must exist in all three media. From 2  2  2 2 2, /i x z i i ik k k c= + = ε µ ω , where ω  the 
angular frequency and c  the speed of light in vacuum, one obtains 
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where 0µ  is the magnetic permeability of the free space. 
The boundary conditions require the tangential components of the electric field 
and the magnetic field to be continuous at 0=z  and z = δ , yielding a system of 
homogeneous linear equations for coefficients A, B, C, and D. The determinant of this 
system must be zero for nontrivial solutions to exist. After some manipulations, the 
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In the symmetric case, 1 3 1 3 and ε = ε µ = µ , Eq. (6.4) is reduced to the dispersion relations 
derived by Ruppin [24].  
 A bulk polariton occurs when both ,1 ,3and  z zk k are purely imaginary, but ,2zk  is 
real. The bulk polariton relation can be obtained by substituting ,2zjk−  for 2β  in Eq. 
(6.4) such that 
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Notice that Eq. (6.5) is the same as the dispersion equation of the waveguide, whose 
solutions exist only when the sum of all the phase shifts that the guided wave undergoes 
becomes a multiple of 2 π  [26]. In the case of a bulk polariton, the electromagnetic fields 
are oscillatory as a stationary wave inside the slab. The polariton relations for p-
polarization can be obtained by replacing 1µ , 2µ , and 3µ  in Eqs. (6.4) and (6.5) with 1ε , 
2ε , and 3ε , respectively. 
In order to illustrate the polariton dispersion relations for an NIM layer, the 
frequency-dependent complex 2ε  and 2µ  are calculated from the following expressions, 
as for a wire-strip/split-ring metamaterial [27], 
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 (6.7) 
where pω  is the plasma frequency, 0ω  is the resonance frequency, γ  ( 0 and ωω<< p ) is 
the electron scattering rate, and F  is the fractional area of the unit cell occupied by the 
split ring. Although NIMs have been demonstrated only in the microwave region, 
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researchers around the world are attempting to realize NIMs in the infrared and even 
visible spectral regions. A numerical simulation suggested that novel NIMs in the 
nearinfrared and visible might be achievable by nanowire composites [28]. Shvets [29] 
predicted that SiC photonic crystals could exhibit a negative index of refraction in the 
midinfrared. 
Figure 6.3 depicts a regime map in a ω−xk  space, illustrating the regions where 
surface or bulk polaritons may exist. Here, media 1 and 3 are assumed to be lossless and 
nondispersive dielectrics with 1ε  < 3ε . For the NIM layer, the parameters in Eqs. (6.6) 
and (6.7) are chosen such that 4.0/0 =ωω p , 56.0=F , and 0=γ  (lossless) [27]. The 
effect of γ  on the optical properties will be discussed later. The regimes are shown using 
dimensionless frequency / pω ω  and wavevector (tangential component) /x pk c ω , so that 
the results are not limited to any specific frequency region. Four dotted lines (i), (ii), (iii), 
and 0ω = ω  separate nine different regions. Lines (i), (ii), and (iii) correspond to 
εµ=ω /ckx  for media 1, 2, and 3, respectively. Because the dielectric media are 
assumed to be nondispersive, (i) and (iii) are straight lines. Notice that the condition for 
εµ=ω /ckx  corresponds to 0zk =  in any given medium. Based on Eq. (6.2), in the 
regions on the left of line (i), xk  is too small to excite any evanescent waves in media 1 
and 3 and thus no polaritons can exist in regions R1, R2, and R3. In the regions between 
lines (i) and (iii), an evanescent wave appears in medium 1 whilst a propagating wave 
occurs in medium 3. A surface polariton may exist only at the interface between media 1 
and 2. In the regions on the right of line (iii), evanescent waves emerge in both media 1 




Figure 6.3 The polariton regime map in xk − ω  space. Here, media 1 and 3 are dielectric with 1 3ε < ε , and 
medium 2 is an NIM with 0 / 0.4pω ω = , F = 0.56, and 0γ = . Lines (i), (ii), and (iii) correspond to 0zk =  
in media 1, 2, and 3, respectively. In the shaded area, 0.4 0.6p pω < ω < ω , the refractive index of medium 2 
is negative. No polaritons exist in regions R1 through R4; in regions SS1 and SS2, surface polaritons can 
occur at a single boundary; in regions SD1 and SD2, surface polaritons may occur at dual boundaries; in 
BK region, several bulk polaritons may occur. 
 
The shaded area indicates the frequency interval pp ω<ω<ω 6.04.0 , where both 2ε  and 
2µ  are simultaneously negative. Note that the discussion in the present work is limited to 
frequencies below the plasma frequency, i.e., pω<ω . In the upper regions of line (ii), 
evanescent waves exist in the NIM layer. In the shaded area, surface polaritons may be 
observed in region SS1 at a single boundary and in region SD1 at dual boundaries of the 
NIM slab, for both p- and s-polarizations. Surface polaritons may also exist in regions 
SS1 and SD1 above the shaded area for p-polarization only (because 2 0ε <  for pω<ω ). 
On the other hand, in the regions between the line 0ω=ω  and line (ii), only propagating 
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waves exist in the NIM layer because 02, >zk . Therefore, no polaritons exist in region 
R4, whereas bulk polaritons may occur in region BK. Attention is now paid to the regions 
below the line 0ω=ω , where 2 0ε <  and 2 0µ > . Because 2,zk  is purely imaginary, 
surface polaritons may occur at a single boundary in region SS2 and dual boundaries in 
region SD2, for p-polarization only. 
It should be noted that regions between lines (i) and (iii) exist only when the two 
dielectric media are different. In the symmetric case, 1 3ε = ε , the two lines will merge 
into one and the results will be identical to those presented by Ruppin [24]. Since there 
may exist surface polaritons at a single boundary in regions SS1 and SS2, the polariton 
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The polariton dispersion relations for s-polarization are shown in Fig. 4 with different 
NIM thicknesses: / 0.5pδ λ =  and / 0.1pδ λ = , where pp c ω=λ /  is the wavelength 
associated with the plasma frequency. For the dielectric media, it is assumed that 11 =ε  
(i.e., vacuum) and 23 =ε . The dotted lines are the same as the corresponding ones in Fig. 
3. Two dash-dotted lines, (I) and (II), are drawn to facilitate the discussion in the next 
session on the optical properties in an ATR setup shown in Fig. 6.1. Line (I), between 
lines (i) and (iii), denotes a smaller angle of incidence (θi) that can excite evanescent 
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waves in medium 1 but not in medium 3. Line (II), on the right of line (iii), denotes a 
larger θi that can excite evanescent waves in both media 1 and 3.  
The thin solid curves represent surface polariton relations obtained from Eq. (6.4) 
for finite .δ  The two surface polariton curves become more separated as the NIM 
thickness is reduced. A large separation between the two dispersion curves is an 
indication of a strong coupling between the associated electromagnetic fields of the two 
surface polaritons. In the limit when the thickness approaches infinity, / 1pδ λ >> , the 
polaritons are completely decoupled, resulting in two thick solid curves describing the 
surface polariton relation between media 1 and 2 and that between media 3 and 2. Note 
that Eq. (6.4) breaks into two simple surface polariton relations, 1 1 2 2/ / 0β µ + β µ =  and 
0// 3322 =µβ+µβ , because 2coth( ) 1β δ =  as δ → ∞ . The thick curves are close to each 
other, indicating that there is no coupling between the two surface polaritons. Only one 
surface polariton exists in region SS1 at the interface between media 1 and 2. In the 
symmetric situation when ε1 = ε3, the two thick curves become identical [22,23]. 
The dashed curves in Fig. 6.4 illustrate the bulk polariton dispersion relations. 
When compared with bulk polaritons in a slab of conventional material [25,30], bulk 
polaritons of the NIM layer show a distinct feature. The dispersion curves of a surface 
polariton and a bulk polariton meet at line (ii), the boundary between regions SD1 and 
BK (identified in Fig. 6.3). This suggests that the surface polariton of the lower frequency 
can be converted to the first-order bulk polariton, by reducing the angle of incidence or 
by decreasing the NIM thickness. The convertibility of polariton modes is a unique 
feature because only an NIM can possess surface polaritons within the pass band, in 






Figure 6.4 Surface and bulk polariton dispersion curves for s-polarization with different NIM thicknesses: 
(a) / 0.5pδ λ =  and (b) / 0.1pδ λ = . Dotted lines are the same as the corresponding ones in Fig. 6.3, with 
1 1ε =  and 3 2ε = . The dash-dotted lines (I) and (II) represent different angles of incidence. The thin solid 
curves are for surface polaritons, dashed curves for bulk polaritons, and thick solid curves for uncoupled 
surface polaritons ( δ → ∞ ). 
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In contrast, in a slab of conventional material, surface polaritons exist only in the 
frequency region of the stop band, in which bulk polaritons are not permitted since they 
are propagating modes [25]. The thickness of the NIM layer can affect the distribution of 
bulk polariton modes. For a thick NIM layer, as shown in Fig. 6.4(a), the polariton 
dispersion curves extend over the frequency range in region BK. When the NIM layer is 
thin, on the other hand, the dispersion curves except one are crowded near 0ω = ω , as 
seen from Fig. 6.4(b). Another feature worthy of mentioning is that the slope of a 
polariton dispersion curve, xdkd /ω , represents the group velocity along the x-direction. 
The surface polariton of the higher frequency has a negative group velocity while that of 
the lower frequency has a positive one. Since the group velocity is equivalent to the 
energy velocity (or the signal velocity) in the lossless NIM [18], energy propagates along 
the surface in opposite directions for different surface polariton modes. However, notice 
that this behavior changes with different layer thicknesses: both modes have negative 
group velocities under the uncoupled condition (thick curves), and for 0.1 pδ = λ , the 
higher frequency mode has a positive group velocity near line (iii). Bulk polaritons, 
except that of the first order, have nearly zero group velocity, indicating that most of the 
bulk polariton modes in the NIM slab do not transmit signal like those in conventional 
waveguides. 
Polaritons for s-polarization are observable only within the pass band 
( 0.4 0.6p pω < ω < ω ). On the contrary, polaritons for p-polarization can be excited in the 
frequency regions 00 < ω < ω  and 0 pω < ω < ω  with different branches, as shown in Fig. 
6.5. In general, the dispersion curves for surface polaritons in the low frequency regions 






Figure 6.5 Surface and bulk polariton dispersion curves for p-polarization: (a) / 0.25pδ λ =  and (b) 
/ 0.1pδ λ = . All other conditions are the same as in Fig. 6.4. Note that in 5(a) below 0ω = ω , the coupled 




NIM possesses two more surface polariton curves in the high frequency regions (SS1 and 
SD1), in which the lower frequency curve extends to the boundary between regions SD1 
and BK to meet with the first-order bulk polariton curve, similar to the case for s-
polarization. Figure 5 also shows the change of dispersion curves as d is varied. Even 
though the case of / 0.25pδ λ =  is used instead of / 0.5pδ λ =  as in Fig. 6.4(a), surface 
polariton dispersion curves in regions SS2 and SD2 are indistinguishable with their 
uncoupled counterparts (thick solid curves), indicating that surface polaritons for p-
polarization are not so sensitive to the thickness unless 0.25 pδ < λ .  From the slopes of 
polariton dispersion curves in Fig. 6.5, the group velocities of surface polaritons are 
positive for p-polarization. 
6.3 Radiative Properties 
The ATR configuration is a typical surface polariton coupler. Figure 6.1 
illustrates the setup used in the present study. When the incidence angle iθ  is greater than 
the critical angle 2/11
1 )/(sin prismcr εε=θ
− , where prismε  is the relative permittivity of 
the prism, ,1zk  becomes purely imaginary and an evanescent wave emerges in the vacuum 
gap (medium 1 in Fig. 6.2). If the gap width d approaches infinity, the evanescent wave 
will decay exponentially away from the prism and total internal reflection will occur. For 
a finite d, however, the incident photon energy can be coupled to the surface waves 
(polaritons), causing a reduction in the reflectance, especially near the polariton 
resonance frequencies. In this case, there are two evanescent waves in the vacuum layer 
that decay in opposite directions. The electron scattering rate γ , which was set to zero in 
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obtaining the dispersion curves, must be set to a finite value to account for the inevitable 
loss (absorption) of the NIM layer (medium 2). As a matter of fact, the reflectance would 
be unity without absorption in the regions on the right of line (iii) in Figs. 6.3, 6.4, and 
6.5, because no energy could be coupled to the surface wave or transmitted to the bottom 
dielectric (medium 3). 
The calculated reflectance R as a function of the dimensionless frequency is 
shown in Fig. 6.6 with varying NIM layer thicknesses. The angle of incidence 60 iθ = °  
and the vacuum gap width d = 0.25 pλ . It is assumed that 1 1ε =  (vacuum), 23 =ε , and 
6=ε prism . The parameters for calculating 2 2and ε µ  remain the same (i.e., 0 0.4 pω = ω  
and 0.56F = ), except the electron scattering rate pω=γ 012.0 . Here, the reflectance and 
transmittance are computed using the transfer matrix method, for radiation incident from 
the prism [20,21]. Recall that the dash-dotted line (I) or (II) in Figs. 6.4 and 6.5 is for a 
fixed angle of incidence, i.e., )sin/( iprismxck θε=ω . With the parameters given above, 
lines (I) and (II) in these figures correspond to 30iθ = °  and 60iθ = ° , respectively. At 
60 iθ = ° , an evanescent wave exists in medium 3 and no energy is transmitted. The 
absorptance is simply 1 – R.  
The shaded region in Fig. 6.6 corresponds to the frequencies where the refractive 
index of the NIM is negative. Solid curves are for p-polarization and dotted ones for s-
polarization. Several dips, due to surface and bulk polaritons, can be clearly seen in the 
reflectance spectra. The shape of the reflectance dip may be approximated using a 
Lorentzian function as with conventional materials [31]. Marks on the reflectance spectra 






Figure 6.6 The reflectance for different thicknesses of the NIM layer with a vacuum gap width 0.25 .pd = λ  
The parameters used for the calculation are 1 1ε =  (vacuum), 3 2ε = , 6prismε = , and 60iθ = ° . For the 
NIM, 0 / 0.4pω ω = , F = 0.56, and 0.012 pγ = ω . In the shaded region, the refractive index of the NIM is 
negative. Solid curves are for p-polarization and dotted ones for s-polarization. The triangular and circular 
marks represent, respectively, surface and bulk polariton resonance frequencies obtained from the polariton 
dispersion relations for 0γ = . 
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relations, Eqs. (6.4) and (6.5), for the prescribed conditions (with the exception that 
0γ = ). Surface and bulk polaritons are identified with triangular and circular marks 
(filled for p-polarization and unfilled for s-polarization), respectively. The solutions from 
the dispersion relations are illustrated in Figs. 6.4 and 6.5 as the intersections of line (II) 
with the polariton dispersion curves. Take / 0.5pδ λ =  for s-polarization as an example. 
It can be seen in Fig. 6.4(a) that line (II) intersects with three bulk polariton curves for 0.4 
< / pω ω  < 0.45 and two surface polariton curves for 0.45 < / pω ω < 0.5. These 
frequencies are marked clearly on the dotted curve in Fig. 6.6 (the second panel from the 
top). When the NIM layer thickness is reduced, the surface polariton of the lower 
frequency, in the pass band, is converted into a bulk polariton, while the other bulk 
polaritons are compressed to the vicinity of 0ω  and have little effect on the reflectance. 
The transition from a surface polariton to a bulk polariton happens at / pδ λ  between 0.25 
and 0.5 for s-polarization, and between 0.15 and 0.25 for p-polarization. Since the 
electron scattering rate determines the internal damping that is manifested in the 
reflectance curve as the FWHM (full width at half minimum) of the reflectance dip [32], 
the finite γ  smears the dips at 0ω ≈ ω  into a smooth shoulder for s-polarization and a 
peak for p-polarization (bottom panel of Fig. 6.6). If γ  is very small, however, the 
reflectance dips due to bulk polaritons will appear near 0ω . 
It should be noted that the polariton dispersion relations presented in the previous 
section were based on zero γ and infinite d; and therefore, they may not predict the exact 
locations of the reflectance dip. Although the value of γ  will affect the magnitude and 
width of the reflectance dip, it has little influence on the location of the polariton 
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resonance frequency as long as the associated damping is small [24]. On the other hand, 
the value of d can significantly influence the resonance frequency. As shown in Fig. 6.6, 
although the predicted polariton resonance frequencies are in excellent agreement with 
the locations of the reflectance minima for s-polarization, there appear to be large 
discrepancies for p-polarization. Usually, the polariton dispersion relations predict a 
higher frequency than the frequency at which the reflectance reaches a minimum. This 
deviation suggests that the electromagnetic fields have been perturbed by the presence of 
the prism and the effect is stronger for p-polarization than for s-polarization. If the NIM 
slab is very thick, surface polaritons at the interface between the NIM and the lower 
dielectric cannot be excited by the incident EM waves. This is the case for / 1pδ λ = , 
when only polaritons at the upper interface of the NIM are excited. For p-polarization 
even with / 0.5pδ λ = , surface polaritons at the lower interface of the NIM slab are 
hardly noticeable in the reflectance spectrum. 
The reflectance dip, associated with the surface polariton of the lowest frequency 
( 0ω < ω ), becomes much deeper and broader as / pδ λ  is reduced from 0.25 to 0.1. 
Furthermore, the frequency at the reflectance minimum is shifted to a much lower 
frequency than that obtained from the polariton dispersion relations (triangular marks). 
Since the internal damping due to the nonzero scattering rate γ  remains the same, this 
indicates there is a considerable increase of radiation damping as the NIM layer thickness 
is reduced. Due to the presence of the prism, the backward evanescent wave in the 
vacuum layer is coupled into a propagating wave at the bottom of the prism. The back-
coupled wave destructively interferes with the reflected wave in the prism to yield a 
radiation damping effect [1]. As the thickness of a thin metallic film decreases, radiation 
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damping of the lower-frequency surface polariton mode (symmetric type) increases while 
that of the higher-frequency surface polariton mode (asymmetric type) decreases [33, 34]. 
Since the surface polaritons of the NIM layer in region SD2 (i.e., 0ω<ω ) are similar to 
those for a metallic film, the enhanced radiation damping is therefore responsible for the 
dramatic changes in the reflectance minimum at the lowest surface polariton resonance 
(SPR) frequency. 
The reflectance spectra for different vacuum gap widths is shown in Fig. 6.7, 
where the NIM layer thickness is fixed to 0.25 pδ = λ  and all other parameters remain the 
same as in Fig. 6.6. When d is equal to pλ5.0  or larger, polaritons do not have much 
effect on the reflectance because the evanescent wave in the vacuum layer decays 
exponentially and is only weakly coupled to the polaritons. The second panel of Fig. 6.7 
is basically the same as the third panel of Fig. 6.6, except that / pω ω  is from 0.2 to 0.7 in 
Fig. 6.7. Reducing the vacuum gap enhances the effectiveness of coupling and results in 
deeper reflectance dips. For s-polarization, when / 0.1pd λ < , the SPR frequency starts to 
shift left, and bulk polariton with higher frequency tends to disappear. When 
/ 0.01pd λ = , the reflectance spectra are almost the same as those without the vacuum 
gap. The change of the reflectance spectrum for p-polarization is more apparent. As the 
vacuum gap width decreases, two reflectance minima at 0ω < ω  are merged to form one 
dip with a large width when / 0.1pd λ = . As d is further reduced, reflectance in the dip 
goes up and the dip becomes shallower. One the other hand, the two surface polaritons at 
higher frequencies shift left, especially the one in the stop band will eventually shift to 







Figure 6.7 Effects of the vacuum gap width on the reflectance for / 0.25pδ λ = . All other parameters used 




radiation damping, until / 0.07pd λ = . At very small d, surface polariton at the upper 
boundary of the NIM layer has negligible effect on the EM fields as compared to that at 
the lower boundary, resulting in a weak back-coupled radiation. This is the reason why 
the width of the reflectance dips becomes smaller at / 0.01pd λ = . 
Figure 6.8 shows the reflectance, transmittance, and absorptance for s-polarization 
at an angle of incidence of iθ  = ° 30  for (a) 0.1 pδ = λ  and (b) pδ = λ . All other 
conditions are the same as in Fig. 6.6. This case is illustrated in Fig. 6.4 as line (I), when 
evanescent waves exist in the vacuum layer and a propagating wave exists in the bottom 
dielectric layer. Therefore, energy can be transmitted through the vacuum and the NIM 
layers via evanescent modes, or photon tunneling [20,21]. The reflectance dip near 0ω  is 
caused by resonant absorption. For pδ = λ , the reflectance oscillates within 
pp ω<ω<ω 5.04.0 , which corresponds to region R4 in Fig. 6.3, due to the wave 
interference in the NIM layer. The reflectance minimum at 0.5 pω > ω  falls in region SS1 
in Fig. 6.3, because evanescent waves exist in the NIM layer. Therefore, surface polariton 
may play a role for this reflectance dip. The diamond marks on the reflectance spectra 
represent the frequency at the intersection between line (I) and the thick curve in Fig. 6.4. 
The SPR frequency obtained from the polariton dispersion relation is based on infinite δ  
and d; hence, may deviate from the exact location of the reflectance minimum, because 
the evanescent fields in the vacuum layer and the NIM layer are strongly perturbed by 
interfaces between the prism and the vacuum gap and between the NIM layer and the 
bottom dielectric. Moreover, the frequency corresponding to the reflectance minimum is 






Figure 6.8 Optical properties (i.e., reflectance, transmittance, and absorptance) when (a) / 0.1pδ λ =  and 
(b) / 1pδ λ = . All the parameters are the same as those used in Fig. 6.6, except that the angle of incidence 
is changed to 30iθ = ° . Vacuum gap is fixed at / 0.25pd λ = . The diamond mark corresponds to the single 
SPR frequency predicted from the dispersion relations for semi-infinite media. 
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Nevertheless, it can be evidenced that the surface polariton, together with the geometric 
parameters, can be used to effectively manipulate the optical properties. For example, a 
transmittance peak as high as 0.5 can be observed when / 0.25pδ λ = , with the nonzero γ. 
As pointed out by Zhang and Fu [20,21], the enhancement of transmission through 
evanescent waves may be applied to microscale thermophotovoltaic energy conversion 
devices. Similar features can also be observed for p-polarization, not shown here, with 
two dips in the reflectance and two peaks in the transmittance, associated with the single 
surface polaritons in regions SS1 and SS2 as shown in Fig. 6.3. 
6.4 Conclusion 
The polariton dispersion relations for surface and bulk polaritons in an NIM layer 
surrounded by different dielectric media are obtained and presented in a regime map, 
allowing the identification of different polariton modes. The polariton dispersion curves 
reveal a unique phenomenon with an NIM slab, that is, a surface polariton can be 
converted to a bulk polariton, and vice versa. The calculated reflectance spectra in an 
ATR configuration involving an NIM layer show that the thickness of the NIM layer and 
the vacuum gap width are important parameters that can change the polariton resonance 
frequency, the reflectance minimum, and width of the reflectance dip. Furthermore, a 
region in which a surface polariton can be excited only at a single interface of the NIM 
slab is recognized. In this case, the surface polariton can enhance the transmittance of 
energy via photon tunneling. The modifications of the radiative properties for multilayer 
structures using an NIM slab with the assistance of polariton phenomena may have 
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CHAPTER 7   
PERFORMANCE ANALYSIS OF NEAR-FIELD 
THERMOPHOTOVOLTAIC DEVICES CONSIDERING 
ABSORPTION DISTRIBUTION 
Through this chapter, the radiative energy transfer and conversion processes in 
near-field thermophotovoltaic (TPV) systems are rigorously investigated by considering 
local radiation absorption and photocurrent generation in the TPV cell. Radiation heat 
transfer was modeled using the fluctuation-dissipation theorem in a multilayered structure, 
and the electric current generation was evaluated based on the photogeneration and 
recombination of electron-hole pairs in different regions of the TPV cell. The effects of 
near-field radiation on the photon penetration depth, photocurrent generation, and 
quantum efficiency were examined in the spectral region of interest. Contrary to previous 
studies, the rigorous analysis performed in the present work demonstrates that, while the 
near-field operation can enhance the power throughput, the conversion efficiency is not 
much improved and may even be reduced. Subsequently, we envisage a modified design 
of near-field TPV systems that could significantly improve the efficiency.  
7.1 Introduction 
Along with increasing global concerns on the energy and environment issues, 
thermophotovoltaics has recently become a promising sustainable energy conversion 
method [1,2]. Thermophotovoltaic (TPV) devices are energy conversion systems that 
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generate electric power directly from thermal radiation. Compared to other candidates, 
TPV devices provide high power density, portability, and silent operation, being 
attractive in space, military, and microelectronics applications. However, relatively poor 
conversion efficiency and power throughput should be overcome for wider usage of TPV 
systems.  
To enhance the power throughput and conversion efficiency, a new type of TPV 
system utilizing the principle of near-field thermal radiation has been recently proposed. 
Due to near-field effects such as wave interference, photon tunneling, and surface 
polaritons, the thermal radiation can be enhanced several orders of magnitude larger than 
the blackbody radiation [3-5]. Thus, locating a TPV cell in the proximity of a thermal 
emitter would tremendously enhance the photon energy into the cell, resulting in the 
increase of electric power generation. This so-called near-field TPV system has been 
intensively studied by several research groups [6-9]. It was Pan et al. [6] that first 
analyzed the performance of near-field TPV systems. However, they used same dielectric 
materials for both the emitter and TPV to calculate the near-field energy enhancement, 
which is not only too simplified but also impractical. Whale and Cravalho [7] considered 
a more realistic system by using a fictitious Drude material as a thermal emitter and 
InGaAs as a TPV cell. Narayanaswamy and Chen [8] theoretically demonstrated the 
effect of surface polaritons in improving the performance of near-field TPV systems. 
However, their work was focused only on the thermal radiation enhancement, leaving 
questions about the near-field effect on the photocurrent generation unanswered. Even 
though Laroche et al. [9] recently provided a detailed analysis on the performance and 
efficiency of near-field TPV systems, their assumption of 100 % quantum efficiency in 
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calculating the photocurrent generation ended up with the overestimation of the 
performance. Indeed, there has been no work that rigorously investigated the 
performance and efficiency of near-field TPV systems based on the realistic mechanisms 
of photocurrent generations.  
The primary objective of this chapter is to better understand the mechanisms of a 
near-field TPV system. To this end, absorbed radiative energy distribution and 
photocurrent generation inside the TPV cell are considered. A direct calculation scheme 
using the fluctuation-dissipation theorem and dyadic Green’s functions for multilayer 
structures are used to calculate the near-field thermal radiation and its absorption in the 
TPV cell. Photocurrent generations are calculated by taking into account the 
photogeneration and recombination of electron-hole pairs in the TPV cell. Through this 
chapter, near-field effects on thermal radiation absorption, electrical current generation, 
and resultant quantum efficiency will be thoroughly investigated. The overall energy 
conversion efficiency as a function of the vacuum gap width will be discussed in detail, 
through which a better design of the near-field TPV system can be proposed.  
7.2 Theory of Near-Field Thermophotovoltaics 
7.2.1 Near-field thermal radiation in multilayer 
A near-field TPV energy conversion system consists of a TPV cell, a p-n junction of 
semiconductor, and a thermal source that are separated with a very small vacuum gap. 
Figure 7.1(a) illustrates the configuration of a near-field TPV device considered in this 
work: a thermal source is assumed to be made of tungsten and maintained at H 2000T =  K, 
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so that the characteristic wavelength of radiation is approximately 1.5 µm. In0.18Ga0.82Sb, an 
alloy of InSb and GaSb, is considered as a TPV cell because it is optimized for the 
thermophotovoltaic energy conversion due to its low energy bandgap (0.56 eV). For the 
analysis, the TPV cell is assumed to be maintained with L 300T =  K.  
The radiative power absorption inside the TPV cell is elucidated by a direct 
calculation scheme using the fluctuation-dissipation theorem and the dyadic Green’s 
function of Maxwell’s equations for a multilayered structure, as shown in Fig. 7.1(a). Since 
the direct calculation scheme can calculate the incoming radiative heat flux of individual 
layers, dividing the TPV cell into discrete thin layers can provide the power absorption in 
each layer. The whole TPV system is thus configured with (N+1) layers, where the first and 
second layers are respectively the semi-infinite tungsten emitter and the vacuum gap, and 
the last layer is the semi-infinite In0.18Ga0.82Sb substrate: the p-n junction part of the TPV 
cell is divided into (N-2) layers.  
The Fourier components of the electrical and magnetic fields for a non-magnetic 
material can be expressed in terms of the dyadic Green’s function as a volume integration 
[10]: 
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 (7.1) 
where 1j = − , 0µ  is the magnetic permeability of free space. In the above equation, 
( , ', )e ωG x x  and ( , ', )h ωG x x  are the electric and magnetic dyadic Green’s function due 
to a delta source positioned at 'x  and are related by ( , ', ) ( , ', ).h eω = ∇ × ωxG x x G x x  









Figure 7.1 (a) Schematic of a near-field TPV system, where In0.18Ga0.82Sb is used as the TPV cell material 
while plain tungsten is used as the emitter. Both the emitter and the cell material are modeled as semi-
infinite media. (b) Illustration of the minority carrier diffusion lengths and depletion region in a p-n 
junction; not to scale. 
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( ', )tJ x , that is produced by the random thermal fluctuations. According to the 
fluctuation-dissipation theorem, thermal radiation is originated from the random 
movement of charges or dipoles inside the medium at temperatures over zero Kelvin. 
More detailed discussion on the fluctuation-dissipation theorem can be found in [4]. The 
spatial correlation between the fluctuating current densities at two locations 'x  and "x  
can be expressed as [10] 
 * 04 Im( ) ( , )( ', ) ( ", ) ( ' ")s rm n mn
TJ J ωε ε Θ ωω ω = δ δ −
π
x x x x  (7.2) 
where * denotes complex conjugate, 0ε  is the electric permittivity of free space, Im( )sε  
is the imaginary part of the dielectric function of the source, mnδ  is the Kronecker delta 
function, ( ' ")δ −x x  is the Dirac delta function. ( , ) /[exp( / ) 1]r BT k TΘ ω = ω ω − , where  
 is Planck’s constant h over 2π and Bk  is Boltzmann’s constant, is the mean energy of a 
Planck oscillator at frequency ω  in thermal equilibrium. To compute the radiative heat 
transfer, the time-averaged Poynting vector should be calculated with the following 
equation: 
 *1( , ) Re ( , ) ( , )
2ω
⎡ ⎤ω = ω × ω⎣ ⎦S x E x H x  (7.3) 
Note that a factor of four has been included in Eq. (7.2) to be consistent with the 
conventional definition of the Poynting vector that consideres only positive values of 
frequencies [11].  
Substitution of Eq. (7.1) into Eq. (7.3) yields the Poynting vector equation solely 
dependent upon the dyadic electrical Green’s function. Thus, the problem of determining 
the radiative heat transfer is converted to a problem of determining the Green’s function 
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for a given case. The Green’s function technique for multilayered structures has been 
extensively studied [12,13] and applied to the calculation of the thermal radiation in one-
dimensional (1-D) photonic crystals [14,15]. Since only the homogeneous case, the case 
that the thermal source does not reside in the layer of concern, is taken into account, the 
Green’s function can be written as 





j KdK F K e −ω =
π β∫G x x  (7.4) 
with ( ') ( ') ( ') ( ')ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ( ) .l s l s l s l sj z z j z z j z z j z zl s l s l s l sF K Ae Be Ce De
β −β −β −β β +β −β +β+ + − + + − − −= + + +e e e e e e e e  
Here, K  is the parallel component of the wavevector. The subscript s denotes the source 
layer (i.e., 1l = ), indicating that 2 2s sk Kβ = −  is the z-component of the wavevector at 
the source layer. Note that ˆ ˆl lK= + βk r z  is the wavevector in the l-th layer, where r̂  and 
ẑ  are the unit vectors of the cylindrical coordinates. Similarly, 2 2l lk Kβ = −  is the z-
component of the wavevector at the l-th layer when 2l > . The space variables at the l-th 
layer and the source layer can be respectively written as ˆ ˆ= +x r zr z  and ˆ ˆ' ' ' .r z= +x r z   
Provided that 0 /l l lk k c= ε = ε ω , where c  is the speed of light in free space, the dielectric 
constants should be determined for the calculation of the wavevector magnitude. The 
dielectric constant of tungsten, sε , was taken from Ref. [16], and that of In0.18Ga0.82Sb, 
lε , was taken from Ref. [17]. The unit vectors ˆ
+e  and ˆ−e  are the upward and downward 
vector, respectively. Note that ê  can be either a unit vector perpendicular to the plane of 
incidence (TE) or a unit vector parallel to the plane of incidence (TM), depending on the 
polarization in consideration: for TE-wave, ˆ ˆ ˆ ˆl l
+ −= = ×e e r z  and for TM-wave, 
 
 162
ˆ ˆˆ( ) /l l lK k
+ = −βe z r  and ˆ ˆˆ( ) /l l lK k
− = + βe z r [12]. The coefficients ,  ,  ,  and A B C D  
represent different patterns of the electrical and magnetic field propagation from the 
source point, and can be determined using the transfer matrix method [18].  
The total radiative heat flux propagating to the l-th layer in the TPV cell can be 
quantified by integrating the Poynting vector in z-direction at the position lz z=  over the 
entire spectrum,  
 ,0( ) ( , )R l z lP z S z d
∞
ω= ω ω∫  (7.5) 
or alternatively,  ,0( ) ( , )R l z lP z S z d
∞
λ= λ λ∫  (7.6) 
based on the wavelength in free space, λ . The radiative power absorption can thus be 
obtained by subtracting the radiative heat flux to the (l+1)-th layer from that to the l-th 
layer. Note that ,zS λ  is the net Poynting vector in which the thermal radiation from the 
TPV cell to the thermal emitter is taken into account.  
7.2.2 Photocurrent generation in TPV cell 
Figure 7.1(b) is a schematic of the In0.2Ga0.8Sb TPV cell being considered. For 
TPV cells, p-on-n configuration is preferred over n-on-p because the annealing of the 
ohmic contact to the n-type material may result in a short circuit at the junction [19]. A 
doping concentration of the p-layer is set to 1019 cm-3 whilst the Tellurium-doped n-layer 
is set to have a doping concentration of 1017 cm-3. The concentration gradient of the 
majority carriers across the p-n junction diffuses electrons from the n-to p-region and 
vice versa for the holes. As a result, the depletion region having only ionized dopants is 
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formed at the junction, as shown in Fig. 1(b) between z a=  and z b= . The depletion 
region width, dpL , estimated from the given doping concentrations is 0.1 µm [12].  
When thermal radiation is incident on the TPV cell that has energy bandgap gE , 
photons whose energy is greater than gE  generate electron-hole pairs inside the TPV cell. 












Here, ld  is the thickness of the l-th layer, and ,lQλ  is the absorbed spectral radiative 
power in the l-th layer, which can be obtained by calculating the Poynting vector in z-
direction as discussed in the previous section. However, not all the generated electron-
hole pairs contribute to the photocurrent: While pairs generated in the depletion region 
are swept by the built-in electric field and completely contribute to the generation of a 
drift current without recombination, the electron-hole pairs generated outside the 
depletion region experience recombination and minority carriers are diffused to the edge 
of the depletion region. The drift current generated within the depletion region is then 
simply expressed as  
 ( ) ( )dp dp dpJ eg Lλ = λ  (7.8) 
where dpL  is the thickness of the depletion region. Note that Eq. (7.7) is used for ( )dpg λ  
except ld  is replaced by .dpL  In order to compute the photocurrent generated outside the 
depletion region, minority carrier concentration at p- and n-region should be first 
calculated. Due to its diffusive feature, the minority carrier concentration in the p-region 









d n n nD g z
dz
−
− + λ =
τ
 (7.9) 
where eD  is the electron diffusion constant [21]; en is the local electron concentration; 
0
en is the equilibrium electron concentration; and eτ  is the electron relaxation time. Note 
that the second term of Eq. (9) represents the recombination rate. ( , )g z λ  is the 
photogeneration rate of electron-hole pairs and can be discretized from the near-field 
radiative heat transfer calculation. Discretized formulation of ( , )g z λ  to ( )lg λ  using Eq. 
(7.7) allows the straightforward application of finite difference method (FDM) in solving 
Eq. (9). Equation (9) is a second order equation and hence needs two boundary 
conditions. The boundary condition at the interface of the depletion region (i.e., =z a ) is 
0
e en n=  because the minority carriers are collected by the electric field [20]. At the 
surface of the TPV cell (i.e., 0=z ), strong recombination processes occur due to surface 
defects and other metallic contacts, providing the following boundary condition: 
 0
0
[ (0) ]ee p e e
z
dnD S n n
dz =
= −  (7.10) 
where pS  is the surface recombination velocity. In fact, pS  significantly affects the 
quantum efficiency especially at high photon energies [22,23], and will be discussed later 
in more detail. The photocurrent generated in the p-region is given by the gradient of the 
carrier concentration at the edge of the depletion region interface:  




λ =  (7.11) 
where Je is the electron diffusion current. The photocurrent in the n-region, (λ)hJ ,  can 
be obtained from Eqs. (7.9) and (11) by replacing eD , en , and eτ  with hD , hn , and hτ , 
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respectively. The boundary condition at the interface of the depletion region (i.e., z b= ) 
is 0h hn n= . At the other edge (i.e., nz b L= + ), recombination is not considered because 
the n-region is typically fabricated to be thicker than the hole diffusion length, or 
n h hL D> τ . Hence the surface recombination velocity nS  is set to 0 in Eq. (7.10). It 
should be noted that the electron and hole distributions are dependent upon the incident 
radiation and hence the diffusion currents are wavelength-dependant quantities. The 
spectral photocurrent is the summation of the different photogenerated currents, 
( ) ( ) ( ) ( )e h dpJ J J Jλ λ = λ + λ + λ . All the parameters used in this work are tabulated in 
Table 7.1.  
 
Table 7.1 Parameters used for the calculation of photocurrent generation 
Parameter p-region n-region 
Carrier concentration 1910AN =  cm
-3 1710DN =  cm
-3 
Diffusion coefficient [24] 125eD =  cm
2/s 31.3hD =  cm
2/s 
Relaxation time [17] 9.75e =τ  ns 30.8h =τ   ns 
Surface recombination velocity [23] 47.4 10pS = ×  m/s 0nS =  m/s 
Region width  0.4pL =  µm 10nL =  µm 
 
 
The performance of TPV systems can be evaluated through two efficiencies: 
quantum efficiency, qη , and conversion efficiency, .η  The quantum efficiency is defined 
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as the ratio of the number of useful electron-hole pairs generated to the number of 













under the assumption that the TPV cell is semi-infinite. The conversion efficiency, or 
simply efficiency, is defined as the ratio of the maximal electric power generated from a 
TPV cell to the absorbed thermal radiative heat flux. The generated electrical power can 
be obtained with an open-circuit voltage and the photogenerated current. Due to charge 
accumulation at the two electrodes of the TPV cell, an open-circuit voltage develops 










where phJ  is the photocurrent and 0J  is the dark current. The total photocurrent is the 
integration of ( )Jλ λ  over the spectrum, or alternatively,  






λ= η λ λ λ λ∫  (7.14) 
where gλ  is the bandgap wavelength. Note that the integration is taken over the spectral 
region having energy greater than the energy bandgap. The expression of the dark current 
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by taking into account the current-voltage diode characteristics, 








η =  (7.17) 
7.3 Results and Discussion 
In order to accurately predict the performance of the near-field TPV system, the 
absorption pattern of the near-field thermal radiation inside the TPV cell must be clearly 
understood. Figure 7.2(a) shows the spectral distribution of the thermal radiation 
propagating into the TPV cell when the tungsten emitter-TPV cell distance is 10 nm. As 
expected, the spectral power is maximal at 1.5 µm, which is the characteristic wavelength 
of the thermal radiation at 2,000 K. The absorption pattern represents the exponential 
decay out of the surface, which is due to the extinction coefficient of In0.18Ga0.82Sb. 
However, the radiative power whose wavelength is larger than 2.22 µm propagates 
through without absorption, as the photon energy is smaller than the energy bandgap of 
In0.18Ga0.82Sb. At 5z =  µm, the radiative energy greater than the energy bandgap is 
almost zero whilst the energy smaller than the bandgap remains almost constant. Figure 
7.2(b) shows the radiative power distribution against the parallel component of the 








Figure 7.2 (a) Spectral distribution of the incident radiative power when the vacuum gap between the 
emitter and cell is d = 10 nm. Beyond 2.22λ =  µm, there is very little absorption, indicating that 2.22 µm 
is the wavelength corresponding to the energy bandgap. (b) Power distribution at a wavelength of 1.5 µm 
with respect to K , which is the parallel component of the wavevector, for the same d. 
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λ λ= ∫ . Also, the parallel wavevector K  is normalized with the wavelength, 
yielding * / 2K K= λ π . From the definition of *K  and 2 20 (2 / ) Kβ = π λ − , where 0β  
is the perpendicular component of the wavevector in vacuum, it is clear that the power 
distribution above * 1K =  is attributed to the near-field effect due to the photon tunneling 
[4]. In Fig. 7.2(b), ,zs λ  is the maximum at 
* 2.7K ≈  when 0z =  µm, but the maximum 
position shifts to a smaller *K as the radiation propagates into the TPV cell: that is, the 
penetration depth of ,zs λ  depends on the parallel component of the wavevector. The 
dependence of the penetration depth on *K  can also be found from the propagation 
patterns of the radiation for different *K , as shown in the horizontal profile of Fig. 
7.2(b). As *K  increases, the radiation decays faster into the TPV cell, indicating that the 
penetration depth decreases with K . 
More investigation of the penetration depth for near-field thermal radiation will 
provide a physical insight on the performance of near-field TPV systems. The penetration 
depth of ,zs λ , Kδ , can be calculated from the electromagnetic description of the thermal 
radiation. The thermal radiation is proportional to exp[ 2 Im( ) ]z− γ , allowing the 
definition of Kδ  as the depth into the TPV cell for the radiation to be reduced to 
1e−  of 
the incident radiation: that is, 2 2 1/ 201/ 2 Im[( ) ].K lk Kδ ≡ ε −  Figure 7.3(a) shows the 
calculated Kδ  and , ( 0)zs zλ =  when different emitter-cell gaps are considered and the 






Figure 7.3 (a) The penetration depth and incident radiative power distribution versus K  for different values 
of d at 1.5λ = µm. As the gap width decreases, the peak position of thermal radiation shifts to larger K , 
indicating that a substantial amount of near-field energy enhancement cannot penetrate through the TPV 
cell. (b) Propagation patterns of thermal radiation for different gap widths for 1.5λ = µm. The horizontal 
dash-dot line at 1e−  clearly illustrates the dependence of the penetration depth on d. (c) Spectral 
distribution of the penetration depth for different gap widths. Notice that beyond 2.22λ =  µm, the 
penetration depth is very large due to the small absorption coefficient of the cell material. 
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* 1K ≈  but becomes steeper afterwards, finally leading to negligibly small Kδ  at 
* 4.K ≈  
On the other hand, the bottom plot clearly shows that as the gap decreases, ,zs λ  is 
strongly enhanced and its distribution shifts to larger *K , due to the increasing photon 
tunneling effect. At 1d =  µm, for example, the energy distribution is restricted to nearly 
* 1K  and its value is relatively small, indicating weak near-field effects. When the gap 
width is 5 nm, however, strong near-field effects not only greatly enhance the thermal 
radiation but also move the peak position to * 3.2,K ≈  where the penetration depth is 
very small. This shift of the peak position to larger K  thus suggests that much more 
thermal radiation should be absorbed near the surface for smaller gaps. This speculation 
can be verified in Fig. 7.3(b), where the propagation profiles of the spectral thermal 
radiation, ,zS λ , are plotted against the depth into the TPV cell when the wavelength is 
fixed at 1.5 µm. Despite similar exponential decaying patterns, the way the thermal 
radiation is absorbed inside the TPV cell is obviously dominated by the near-field effects:  
more energy is absorbed near the surface as the gap becomes smaller. Thus, when the 
energy penetration depth is defined as the depth at which the thermal radiation is reduced 
to 1e−  of the incident value, it is clear from the dash-dot line in Fig. 7.3(b) that the 
penetration depth of the near-field thermal radiation is dependent upon the vacuum gap. 
Figure 7.3(c) shows the penetration depth as a function of the wavelength for different 
vacuum gaps. At short wavelength, i.e., 0.75λ <  µm, the penetration depth is very small 
and does not depend on the gap width. When the wavelength is larger than the bandgap 
wavelength, i.e., 2.22λ >  µm, the penetration depth exceeds the p-n junction width and 
does not also depend on the vacuum gap. Huge difference of the penetration depth due to 
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the near-field effects occurs at 0.75 µm 2.22 µm< λ < , which is the spectrum region that 
is responsible for the most photocurrent generation in In0.18Ga0.82Sb TPV cell. At 1.5λ =  
µm, for example, the penetration depth for d = 5 nm is approximately 750 nm, less than 
half of the far-field penetration depth. Since considerable amount of energy is absorbed 
very near the surface, the electron-hole pairs generated due to the near-field radiation will 
be more vulnerable to the recombination and thus less contributable to the current 
generation. 
Figure 7.4 shows the spectral distribution of thermal radiation, current generation, 
and resultant quantum efficiency for various vacuum gaps. In Fig. 7.4(a), the thermal 
radiation that is incident on the TPV cell is plotted as a function of wavelength. It should be 
noted that the TPV cell is assumed to be semi-infinite; hence all the incident thermal 
radiation is absorbed in the TPV cell. The thermal radiation is enhanced more than one order 
of magnitude as the vacuum gap decreases from far-field to 5 nm. The near-field 
enhancement can also be found in the photocurrent generation shown in Fig. 7.4(b). Since 
the current generation is proportional to the photogeneration rate of electron-hole pairs 
expressed in Eq. (7.7), the photocurrent enhancement at smaller gaps is attributed to the 
near-field enhancement of the thermal radiation. However, the thermal radiation beyond 
the bandgap wavelength does not contribute to the current generation. Figure 7.4(c) 
compares the quantum efficiencies for different vacuum gaps. Until the gap is reduced to 
100 nm, the quantum efficiency remains almost the same with far-field quantum 
efficiency. The lower quantum efficiency at short wavelength region is mainly due to 
strong surface recombination. It is known that the surface recombination velocity has a 











Figure 7.4 Spectral distribution of (a) the radiative power incident on the TPV cell, (b) photocurrent 
density, (c) quantum efficiency, and (d) current densities generated in the p-, n-, and depletion regions for 
different gap widths. Note that the photocurrent and quantum efficiency in (b) and (c) are zero at 




recombination velocity resulting from surface defects and metallic contacts induces 
strong recombination of electron-hole pairs at the surface, degrading the quantum 
efficiency at short wavelength region having a strong absorption coefficient. The same 
reason can be applied to the drastic decrease of the quantum efficiency at vacuum gaps 
smaller than 100 nm. Strong absorption near the surface leads to the strong surface 
recombination and, correspondingly, lower quantum frequency. For large wavelength, the 
quantum efficiency drops to zero, representing no contribution of thermal radiation 
beyond the bandgap wavelength to the photocurrent generation. Figure 7.4(d) shows the 
spectral distribution of photocurrents generated at each region of the TPV cell when the 
vacuum gap is maintained with d = 10 nm. As expected from the above discussion, eJ  at 
n-region is a dominant photocurrent mode at short wavelength because of the strong 
radiation absorption near the surface. As the wavelength increases, hJ  at p-region starts 
dominating over eJ  because the radiation can penetrate further to p-region, whose width 
is much larger than that of n-region and thus have more chance of photocurrent 
generation. On the other hand, although electron-hole pairs in the depletion region do not 
experience recombination, the small thickness of the depletion region makes it the least 
responsible for current generation. 
From the calculated photocurrent and near-field thermal radiation, the conversion 
efficiency of the near-field TPV system can be obtained. Figure 7.5(a) shows the total 
photocurrents as a function of the gap width. In general, hJ  is larger than eJ  due to the 
large thickness of p-region over n-region. However, when the vacuum gap is very small, 
i.e., 5d <  nm, eJ  becomes larger than hJ  because the enhanced near-field thermal 






Figure 7.5 (a) Local current generations, (b) thermal radiation absorption and electrical power generation, 
and (c) the conversion efficiency as functions of the vacuum gap width. For comparison, the efficiency 
when the quantum efficiency is 100 % as an ideal case is also plotted in Fig. (c).  
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provides the total electrical power generated from the TPV cell, which is plotted in Fig. 
7.5(b) along with the absorbed thermal radiative power. Apparently, the near-field 
enhancement occurs in both the thermal power absorption and electric power generation. 
The amount of electric power generation at 10d =  nm is predicted to be 1 MW/m2, 
suggesting that a TPV device of only 4 in2 in cross sectional area could generate 
approximately 2.5 kW, which is enough to meet the electricity demand per household in 
US [26]. This power output density is three orders of magnitude larger than the highest 
power output density of a novel nanoscale thermionic-tunneling energy conversion 
system [27]. Based on the calculated thermal radiation and electric power generation, Fig. 
7.5(c) shows the conversion efficiency as a function of the gap width. For comparison, 
the efficiency for the ideal case is also calculated and plotted together under the 
assumption that the TPV cell has the 100 % quantum efficiency: that is, all the absorbed 
photons with energy higher than the energy bandgap contribute to the photocurrent 
generation. When compared to the ideal case, the efficiency for ( )q qη = η λ  is lower than  
the ideal efficiency by 5 % to 10 %, and even experiences a decrease as the vacuum gap 
is further reduced below 10 nm. This decreasing efficiency disproves the prediction of 
previous works that the near-field effect will improve not only the power output but also 
the efficiency [8,9]. From Eqs. (7.14) and (7.17), this decrease of the efficiency is the 
combination of decreasing quantum efficiency and increasing thermal radiation 
absorption. Thus, despite the remarkable enhancement of the electrical power generation, 
a small gap does not always guarantee higher efficiency in a near-field TPV system. 
 Along with the realization of a small and parallel gap between the emitter and TPV 
cell, the rather low conversion efficiency is a technical challenge to overcome in advancing 
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a near-field TPV system. One approach widely adopted in conventional TPV devices to 
improve the efficiency is to filter out the radiation whose energy is smaller than the energy 
bandgap, which has been realized by positioning a wavelength-selective filter between the 
emitter and TPV cell [2]. However, this approach cannot be used in the near-field TPV 
system because the added filter thickness may significantly diminish the near-field effects. 
Instead, the present work suggests a new approach to improve the efficiency while 
maintaining the near-field enhancement. Figure 7.6 shows the incident thermal radiation 
onto the TPV cell plotted against the vacuum gap width. The hatched area denotes the 
unusable energy smaller than the bandgap, which accounts for more than 10 % of the 
incident energy. Particularly, at vacuum gaps in the order of 100 nm, the fraction of 
unusable energy becomes more than 20 %, suggesting that recycling the thermal radiation  
 
 
Figure 7.6 Comparison of the total thermal radiation incident on the TPV cell and the unusable portion that 
is at wavelengths longer than the bandgap wavelength 
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would significantly improve the efficiency. This improvement could be achieved by 
depositing a thin metallic layer at the edge of the p-n junction. The metallic layer will reflect 
all the radiative heat flux back to the emitter, resulting in two improvements: the radiative 
energy greater than the bandgap has more chance to be absorbed in the p-n junction after the 
reflection. The unusable energy lower than the bandgap is reflected back to the emitter and 
reabsorbed, reducing the energy required to keep the emitter at the same temperature and 
thus improving the conversion efficiency. For example, if the vacuum gap is 100 nm and all 
the reflected thermal radiation is absorbed in the tungsten emitter, around 23 % of the 
thermal radiation could be reused, improving the conversion efficiency from 18.8 to 24.5 %. 
7.4 Conclusion 
This work evaluates the performance and efficiency of near-field TPV energy 
conversion systems by considering the thermal radiation absorption and corresponding 
photocurrent generation in different regions of the TPV cell. The use of a direct 
calculation scheme in multilayered structures allows the calculation of absorption 
patterns of near-field radiation, through which this study demonstrates the near-field 
effect on the penetration depth. Strong absorption of near-field thermal radiation at the 
surface significantly affects the photocurrent generation, resulting in a reduction of the 
quantum efficiency. Contrary to the ideal case with 100 % quantum efficiency, the 
calculated conversion efficiency decreases when the vacuum gap is smaller than 10 nm, 
suggesting the existence of an optimal gap of maximum conversion efficiency. Based on 
the rigorous performance analysis, this study proposes the use of a thin metallic layer as a 
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CHAPTER 8  
CONCLUSIONS AND FUTURE RECOMMENDATIONS 
8.1 Conclusions 
This work presented experimental and theoretical explorations of micro/nanoscale 
energy transport underlying the operation of the heated microcantilever and the near-field 
thermophotovoltaics. The research investigated two main areas of interest: 1) Electrical 
and thermal characterization of the heated microcantilever when the cantilever is off the 
substrate as well as on the substrate, and 2) performance analysis of the near-field 
thermophotovoltaic energy conversion system.  
8.1.1 Characterization of heated microcantilevers 
The first area of interest was motivated by a desire to use a heated cantilever as a 
thermal metrology tool in various operation conditions. Extensive investigation on the 
periodic-heating operation of the heated cantilever revealed that the driving frequency as 
well as the input voltage should be wisely chosen to safely and appropriately operate the 
cantilever for its purpose. Related with two thermally-determined time constants, i.e., 
settling time constant and thermal time constant, there are two distinctive frequency 
regions in which the cantilever shows different electrical and thermal behaviors. When 
the cantilever is operated with a lower frequency than its settling time constant, the 
cantilever voltage signal is composed of higher odd-harmonics due to the nonlinear 
cantilever TCR. If a driving frequency is higher than the thermal time constant, the 
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cantilever cannot thermally respond to the fast oscillation of the input power and stays in 
thermal steady state. Moreover, electrical impedance begins to play an important role in 
the cantilever response. The heated cantilever was also characterized at cryogenic 
temperatures and in vacuum, seeking the feasibility of using heated cantilevers in 
cryogenic environments. The DC characterization showed that the cantilever can be 
heated above 300 K when its environment is at 77 K. In AC characterization, thermal 
impedance of the cantilever was determined using a developed thermal transfer function, 
through which the thermophysical properties of the cantilever could be obtained. 
Investigation of the cantilever thermal impedances also revealed that regardless of 
temperature, the cantilever thermal response becomes out of phase and restricted to the 
heater region as a driving frequency increases. Based on this work, the operation domain 
of the heated microcantilever can be broadened: the cantilever can now be operated under 
steady- as well as periodic-heating with the same functionality in various environments, 
from cryogenic to room temperature and from vacuum to atmospheric pressure.  
More investigation was made on the cantilever when it is engaged on the substrate. 
In this case, substantial amount of heat is transferred from the cantilever to the substrate 
through the sub-micron air gap and, moreover, is very sensitive to the air gap change. 
Monitoring the cantilever signal will provide the topography of the substrate with a 
remarkable sensitivity and resolution. This work went further by operating the heated 
cantilever in tapping mode. Since the tapping frequency exceeds its thermal time constant, 
the cantilever stays in thermal steady state even in oscillation, allowing the tapping mode 
thermally-sensed topography. The cantilever-to-substrate heat transfer was measured 
with an on-substrate resistive thermometer having a 140 nm lateral resolution. The 
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measurement confirmed that up to 70 % of the cantilever power is transferred to the 
substrate, heating the substrate. Maximum temperature change of a 1 µm SiO2-coated 
silicon substrate is only around 7 K due to the large thermal conductivity of silicon. Other 
substrates with different thermal conductivities would experience different temperature 
change, affecting the cantilever performance in turn. The estimated contact thermal 
conductance is around 40 nW/K, much smaller than the air gap thermal conductance: the 
air conduction through the cantilever-substrate gap is the dominant heat transfer 
mechanism.  
8.1.2 Near-field thermophotovoltaics 
A strong need to develop a new type of sustainable energy conversion system has 
motivated the second part of this dissertation on a near-field TPV device. Since the near-
field thermal radiation is a key energy transport in the system, surface and bulk polaritons 
and their effects on the near-field radiation of a multilayered structure was first 
investigated. When surface and bulk polaritons are excited, the radiative properties are 
significantly changed. Moreover, the layer thickness as well as vacuum gap between two 
objects was shown to make a significant contribution on the thermal radiation due to 
photon tunneling. Based on the accumulated knowledge of the near-field radiation, 
performance and the energy conversion efficiency of the near-field TPV system were 
rigorously investigated by considering local radiation absorption and photocurrent 
generation in the TPV cell. The near-field effect indeed alters not only the amount of 
radiative heat transfer but also the photon penetration depth and photocurrent generation, 
resulting in the reduction of the quantum efficiency. The evaluation of the energy 
conversion efficiency demonstrated that while the near-field radiation can enhance the 
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power throughput, the conversion efficiency is not much improved and may be even 
reduced. In order to enhance the conversion efficiency, recycling of photon energy with a 
metallic mirror at the bottom of the TPV cell was envisaged.  
8.2 Recommendations for Future Research 
This plan for future research addresses thermal micro/nanoelectromechanical 
systems, nanoscale energy conversion, and near-field optics. The proposed research 
would seek to develop micro/nanoscale thermal and optical sensors, investigate phonon-, 
photon- and electron-coupled energy transport at the nanoscale, and apply nanoscale 
energy transport in novel energy conversion systems. This research will ultimately lead to 
nanoscale thermal and optical engineering that can measure and control reactions 
between small numbers of molecules and the creation of nanoscale energy systems that 
could improve the efficiency much better than their macroscale counterparts. Figure 8.1 
illustrates the overview of the proposed research. The results of this dissertation are listed 
under the headings ‘Thermal metrology using heated microcantilevers’ and ‘Near-field 
thermophotovoltaics.’ Each area offers opportunities for future work, both by deepening 
the present work and by broadening them into related areas.  
8.2.1 Thermal micro/nanoelectromechanical systems (M/NEMS) 
Recent advances in nanoscale devices, e.g., fluidic channels, integrated circuits, 
and electronic biological devices, demand highly accurate nanoscale thermal probes that 
can investigate and control profiles of heat transfer and thermal reactions. The 
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Figure 8.1 Overview of planned future research based on progresses achieved in this dissertation
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 nanometers will be of great importance. By using nanolithography currently available, a 
nanometer scale sensing probe can be achieved at the free end of an AFM cantilever, 
enabling approximately the tens of nanometer spatial resolution, sub-microsecond 
temporal resolution, and milli-Kelvin thermal resolution. The use of the fabricated 
thermal probe in the AFM platform will provide nano-resolution thermal images with 
minimum thermal distortion along with topographic images. When combined with a 
Fourier-transform infrared interferometer or a monochromator as a frequency-modulated 
light source focused on the sample, the thermal scanning for different frequencies will 
provide the photothermal absorption spectra with nano-resolution [1]. Successful 
completion of the research would bring broad impact on various fields, such as synthesis 
and inspection of nanomaterials, nanoscale defects or inhomogeneities detection, hot-spot 
detection of nanoscale IC devices, and chemical characterization of nanoparticle-
embedded polymers. Besides nanoscale thermometry and spectroscopy, thermal 
M/NEMS for cryogenic applications will overcome the technical challenges in current 
cryogenic thermal sensors and actuators. Particularly, microdevices that sense the 
temperature and flow rate of coolant and the vacuum condition will offer the opportunity 
in realizing small cryogenic devices customized for healthcare or defense systems. 
8.2.2 Nanoscale energy conversion 
As mentioned in Chapter 7, electric power generation of a near-field TPV system 
could be as high as 1 MW/m2, suggesting that a TPV device of only 4 in2 in cross 
sectional area could generate enough electricity meeting the power demand of one 
household. However, there has been almost no report that experimentally demonstrates 
the near-field TPV system, mainly due to the difficulty in realizing an extremely small 
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and parallel gap between two objects. Recently, a new idea was suggested for realizing a 
small gap, which introduced partially contacting solid spacers with dielectric nanowires 
or nanoparticles [2]. By placing nanowires or nanoparticles between the emitter and TPV 
cell, a parallel gap of sub-100 nm could be realized, enabling the experimental 
demonstration of the near-field TPV energy conversion. Moreover, with the same setup, 
more intensive experimental investigation of the near-field thermal radiation would be 
possible, resolving the debate on whether the near-field thermal radiation can be 
experimentally verified [3] or not [4] at room temperature. This research will be extended 
to more general research on nanoscale energy conversions, such as nanoscale 
thermoelectric energy conversion and nanostructured photovoltaic cells.  
8.2.3 Near-field optics  
Development of nanotechnology has also improved the optics-based bio/chemical 
sensors [5]. For example, recent study showed that nanostructures in a wing of tropical 
Morpho butterflies give a different optical response to different individual vapors, which 
drastically outperforms that of existing photonic sensors [6]. Since a carbon nanotube 
(CNT) is a very strong candidate for nanoscale optical sensor and light emitter, the 
optical properties of individual nanotubes and nanotube-embedded composite films have 
been intensively studied [7-9]. However, difficulties in aligning nanotubes to desired 
direction and severe light scattering due to intervening nanotubes have limited the 
practical applications of nanotubes as an optical sensor. Recently, new methods to pattern 
vertically aligned nanotubes on polymer substrate was suggested [10], opening a 
possibility to use an aligned nanotube structure for optical metrology. Particularly, 
periodic grating structures with aligned nanotubes are of great interest, because grating 
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structures are being vividly used in various optical-based instrumentations such as 
interferometry, spectroscopy, and optical imaging. Besides the light diffraction due to the 
periodic feature of the gratings, the interference effect that would occur between 
individual nanotubes will provide very unique optical properties, which hopefully could 
be used for ultra-sensitive optical sensors. Successful completion of the research will not 
only provide deep understanding of the near-field optics in aligned nanostructures but 
also open practical applications of nanotube/wire structures for the sensor technology.  
Another application of near-field optics is a subwavelength light source. The 
subwavelength light source will provide enormous opportunities in optics-related fields 
such as optical data storage and optical sensor. Among other possible ways to realize the 
subwavelength light source, thermal emission is in particular interest. Thermal emission 
has been known to be incoherent in both spectrum and direction. However, the recent 
theoretical and experimental studies showed that the thermal emission can become 
spectrally and directionally coherent with one dimensional photonic crystal (PC) 
combined with a thin metallic film [11-13]. The doped silicon cantilever or bridge 
structure can increase the temperature over 1000 K, allowing the thermal emission with 
the peak wavelength shorter than 3 µm, feasible as an infrared (IR) light source. Thus, by 
combining coherent thermal emission system with the doped cantilever/bridge MEMS 
structure that is fabricated in subwavelength size, the subwavelength IR light source 
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